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Abstract
The objective of this project is to design and construct an experimental apparatus and software to illustrate fundamental
ideas in static stability and control of fixed-wing aircraft. This experiment is to be included in one ormore undergraduate
courses related to aircraft dynamics and control at WPI. The experimental apparatus and software developed for this
project allows student users to study the effects of various aircraft parameters on longitudinal stability, and allows
student users to design and test control laws to regulate the aircraft’s pitch angle. Surfaces and linkages are designed to
emulate a standard fixed-wing and horizontal tail configuration and fit within an existing wind tunnel of cross section
24" x 24" at WPI. The apparatus pivots about a pitch axis. The distance between the wing and horizontal tail can be
changed by a linear actuator, which in turn is controlled by the user via an Arduino microcontroller. Also, the distance
between the trailing edge of the wing and the pivot can be varied via a rail. The elevator is actuated by a servomotor,
which is also controlled via the Arduino microcontroller. Sample experiments and a lab manual are designed for
students in accordance with typical undergraduate course material.
ii
Fair Use Disclaimer: This document may contain copyrighted material, such as photographs and diagrams, the use of
which may not always have been specifically authorized by the copyright owner. The use of copyrighted material in
this document is in accordance with the "fair use doctrine", as incorporated in Title 17 USC S107 of the United States
Copyright Act of 1976.
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Chapter 1
Background
Stability is an important field which studies how a system responds to external conditions that act on it. There exists
two forms of stability, dynamic and static stability.
1. Static Stability: The instantaneous tendency to return to equilibrium.
2. Dynamic Stability: The long-term tendency to return to equilibrium.
This paper will focus solely on static stability. The difference between a system that is either statically unstable or
stable is illustrated with the following example, provided in Figure (1.1).
Consider a simple bowl and ball. If the bowl is placed "right-side up" and the ball is placed at the bottom of the bowl,
then the ball will always have a tendency to return to equilibrium. This system is statically stable. Now, if the bowl is
placed in an "upside down" sense and the ball is placed on the top of the bowl, any perturbation will cause the ball to
roll off the bowl. This system is statically unstable.
Figure 1.1: A Visualization of Static Stability [2]
In aircraft motion, there are two forms of static stability, longitudinal and lateral stability. To differentiate between the
two we will need to define three different coordinate systems. These three coordinate systems are the aircraft’s body
frame, which will be denoted by B, the relative-wind’s frame, which will be denoted byW, and the stability frame,
which will be denoted by S. These separate coordinate frames can be seen in Figure (1.2). The Stability frame, S,
denotes the intermediary frame that results from rotating B by negative α about the y-axis of B. This frame is then
rotated about the z-axis of S by positive β.
The moment associated with the α rotation is called the pitching moment. This moment acts to restore the aircraft’s
"pitch". Suppose a gust of wind were to cause the aircraft to suddenly pitch up, a favorable pitching moment would
result in the aircraft to automatically pitch down to its original orientation. The moment associated with the β rotation
is called the yawing moment. This moment acts to restore the aircraft’s "yaw." Suppose a gust of wind were to cause
the aircraft to suddenly change its angle β, a favorable yawing moment would result in the aircraft to resort back to its
original orientation.
This paper will focus on longitudinal stability. A more descriptive image of longitudinal stability can be seen in Figure
(1.3). Furthermore, this paper will first derive and comment on the theory of longitudinal theory for a fixed-wing
aircraft with a tail. This theory will then be used to design an apparatus, which can be mounted in a wind-tunnel, to
1
emulate such an aircraft as to study how altering its geometries affect the overall longitudinal stability. Tecquipment
has created a movable open-loop wind-tunnel, the AF41, which allows for such a study. This product allows the user
to adjust the aircraft’s center of gravity, as to alter its overall trim. The user also can study how the aircraft’s relative
speed influences its attitude for level flight. Also the lift of the wing can be directly measured. The attitude of the
model can be both controlled and fixed. An impressive feature of this product is that the phugoid mode can be studied
for dynamic stability. More information on the AF41 can be found in [5]. The apparatus in this paper will have an
adjustable wing, movable center of gravity, adjustable angle of attack, and adjustable elevator angle. This apparatus
will be mounted in a closed-loop wind-tunnel as well, rather than an open-loop wind-tunnel.
Figure 1.2: Different Frames for Aircraft Modeling [4]
Figure 1.3: A Visualization of Longitudinal Stability [1]
2
Chapter 2
Longitudinal Stability
The analysis in this paper is taken from [1], which we present and further elaborate on for the convenience of the reader.
We will study the relationship required between the center of gravity and the neutral point, the derivation of the total
moment and lift for the fixed-wing aircraft, the trim condition, and trim control by use of an elevator. The analysis will
begin with the derivation of the neutral point.
The Neutral Point
The neutral point is the location where the aircraft’s total moment is invariant with a change of angle of attack. The
static margin is related to the neutral point, such that it determines if the air vehicle is statically stable or unstable.
Further, the static margin is defined as the neutral point minus the center of gravity. This quantity must be positive for
the aircraft to be statically stable. As a result, the center of gravity must be forward of the neutral point. If an external
moment acts on the aircraft, it is desired for the aircraft to return to equilibrium (its original orientation), which relates
to a positive static margin. We will also show that the neutral point is required to be ahead of the center of gravity.
The mathematical derivation of both the neutral point and static margin will begin with a focus on a wing. Listed
below are the parameters and variables that will be utilized.
1. Lift of the wing: Lw
2. Drag of the wing: Dw
3. Moment about the wing’s aerodynamic center: Macw
4. Angle of attack of the wing (angle between the wing’s chord and the relative wind): αw
5. Surface area of the wing: Sw
6. Relative Wind: V
7. Ratio of the horizontal location of CG along the wing’s chord: h
8. Ratio of the horizontal location of the aerodynamic center of the wing along the wing’s chord: hnw
9. The wing’s mean chord: c¯
10. Center of gravity of the wing: CG
11. The ratio of the vertical location of the CG to the the chord of the wing: z
Nowwewill do a moment balance of the wing with respect to theCG. A moment which causes the aircraft to encounter
a pitch upwards is considered positive (thumb into the paper).
M = Macw + (Lw cosαw + Dw sinαw)
(
h − hnw
)
c¯ + (Lw sinαw − Dw cosαw) zc¯ (2.1)
3
Figure 2.1: Wing Analysis [1]
The third term in the equation can often be neglected. We will not neglect it until the end of our development for M .
Theory also shows that Dw sinαw is small as compared to Lw cosαw . Again, we will not neglect it until we finalize M
in our analysis.
An important aspect of aerodynamics is the non-dimensionalization of the parameters and variables. The process of
non-dimensionalization is illustrated below. Also, the small angle approximation will be utilized.
We will non-dimensionalize lift, drag, and the total moment about the CG.
CL =
L
1
2 ρV
2Sw
CD =
D
1
2 ρV
2Sw
Cm =
M
1
2 ρV
2Sw c¯
Where 12 ρV
2 is known as the dynamic pressure Q∞.
Divide Equation (2.1) by 12 ρV
2:
Cm = Cmacw +
(
CLw + CDwαw
) (
h − hnw
)
+
(
CLwαw − CDw
)
z (2.2)
Now we will apply the assumptions we stated earlier:
Cm = Cmacw + CLw
(
h − hnw
)
(2.3)
It must be stated that the wing and body of an aircraft cause interaction phenomena which cannot be analyzed by a
simple superposition. The overall result of the two results in a forward shift of the mean aerodynamic center of the
overall apparatus, an increase in the total lift-curve slope, and a negative loss in Cmac of the system [1]. With that said,
we will now use the subscript (wb) to show that we are dealing with a wing-body, instead of just a wing.
Now we need to incorporate the tail of the aircraft. The combination of a wing and tail cause interaction phenomena.
In our analysis we will assume that the magnitude of the velocity that the tail sees is equivalent to that the wing sees.
Let it be known that this assumption is not true in the general sense. Further, the interaction of the wing and the tail
causes V to be deflected downward by down-wash angle  . The convention for the angle of the tail of the aircraft is
shown in Figure (2.2). Further, we are dealing with a wing-body and a tail.
Before we begin the analysis of the wing-tail system, we will state the new parameters and variables.
1. Lift of the tail: Lt
2. Drag of the tail: Dt
4
3. Moment about the tail’s aerodynamic center: Mact
4. The angle between the down washed velocity and the chord of the tail: αt
5. Surface Area of the tail: St
6. Incidence Angle: it
7. Down-wash angle: 
8. Horizontal distance between the CG and the tail’s aerodynamic center: lt
9. Horizontal distance between the wing’s aerodynamic center and the tail’s aerodynamic center: l¯t
10. Vertical distance of the tail’s aerodynamic center to the CG: zt
Due to down-wash induced by wing tip vortices, the relative wind seen by the horizontal tail is not the same as that
seen by the wing. The contribution of the lift and drag is:
Lt cos  − Dt sin 
Practice has showed that Dt sin  is small as compared to Lt cos  . With that said, we will assume that Dt sin  = 0.
CLt =
Lt
Q∞St
Due to our assumption that the magnitude of V does not change, it makes sense that Q∞ is still utilized.
Figure 2.2: Wing & Tail Analysis [1]
Now let’s analyze the pitching moment of the tail about the CG:
Mt = − [Lt cos (αt − ) + Dt sin (αt − )] lt + [Lt sin (αt − ) − Dt cos (αt − )] zt (2.4)
Notice that lt is the horizontal distance of the CG to the aerodynamic center of the tail. Now apply the small angle
approximation:
Mt = − [Lt + Dt (αt − )] lt + [Lt (αt − ) − Dt ] zt (2.5)
We will assume that only the first term will stay, all other terms are negligible.
Mt = −Lt lt
Now let’s non-dimensionalize Mt .
Cmt =
−Lt lt
Q∞Sc¯
Lt = CLtQ∞St
Cmt =
−CLtQ∞St lt
Q∞Sc¯
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Figure 2.3: The Distance Between Both Aerodynamic Centers of the Wing and Tail: l¯t [1]
Cmt = −
St l¯t
Sc¯
lt
l¯t
CLt (2.6)
The term
St l¯t
Sc¯
is known as the volumetric horizontal-tail ratio V¯H . This parameter depends solely on the distance
between the aerodynamic centers of the tail and the wing (l¯t ).
V¯H =
l¯tSt
Sc¯
(2.7)
Plug Equation (2.7) into Equation (2.6):
Cmt = −V¯H
lt
l¯t
CLt
Notice:
lt = l¯t − (h − hnwb) c¯
Expand:
Cmt = −V¯H
l¯t −
(
h − hnwb
)
c¯
l¯l
CLt
Therefore:
Cmt = −
[
V¯H − StS
(
h − hnwb
) ]
CLt (2.8)
Now we can combine Cmt and Cmwb to get the total Cm. Add Equations (2.3) and (2.8). Remember that we are using
a wing-body, instead of a wing alone.
Cm = −
[
V¯H − StS
(
h − hnwb
) ]
CLt + Cmacwb + CLwb
(
h − hnwb
)
Simplify:
Cm = −V¯HCLt +
(
St
S
CLt + CLwb
)
(h − hnwb) + Cmacwb (2.9)
Now we will define the total lift of the vehicle. We will not use it until later though.
CL =
(
St
S
CLt + CLwb
)
(2.10)
It is now desired to calculate ∂Cm∂α :
∂Cm
∂α
= −V¯H ∂CLt
∂α
+
(
St
S
∂CLt
∂α
+
∂CLwb
∂α
) (
h − hnwb
)
+
∂Cmacwb
∂α
(2.11)
We will assume that
∂Cmacwb
∂α = 0, by definition of the aerodynamic center. We cannot evaluate this expression without
making an assumption on how CLt and CLwb vary with α. Notice that α is the angle of V with respect to the wing’s
6
chord (αwb). We will also need to define αt in terms of αwb .
We will assume that lift depends linearly on angle of attack:
CL = αa
a =
∂CL
∂α
Therefore:
CLt = αtat (2.12)
CLwb = αwbawb (2.13)
Referencing the tail diagram again, we notice the following relationship for αt :
αt = αwb + it −  (2.14)
Therefore:
CLt = at (αwb + it − ) (2.15)
Now take the partial derivative of Equations (2.15) and (2.13) with respect to α (αwb):
∂CLt
∂α
= CLtα = at
(
1 − ∂
∂α
)
∂CLwb
∂α
= CLwbα = awb
Therefore, Equation (2.11) can be rewritten as:
Cmα = −V¯HCLtα +
(
St
S
CLtα + CLwbα
) (
h − hnwb
)
(2.16)
An important condition for analyzing trim is the when Cmα = 0.
0 = −V¯HCLtα +
(
St
S
CLtα + CLwbα
) (
h − hnwb
)
h¯n =
V¯HCLtα(
St
S CLtα + CLwbα
) + hnwb
Where h¯n is the neutral point of the entire vehicle. It is the value of h that causes Cmα to be equal to zero.
Let’s substitute in CLtα = at
(
1 − ∂∂α
)
and CLwbα = awb:
h¯n =
V¯Hat
(
1 − ∂∂α
)(
St
S at
(
1 − ∂∂α
)
+ awb
) + hnwb
Now let’s define a new parameter:
a =
[
St
S
at
(
1 − ∂
∂α
)
+ awb
]
(2.17)
Therefore:
h¯n =
at
a
V¯H
(
1 − ∂
∂α
)
+ hnwb (2.18)
Let’s rewrite Equation (2.16) in terms of our new parameters:
Cmα = −V¯Hat
(
1 − ∂
∂α
)
+ a
(
h − hnwb
)
(2.19)
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Finally, let us solve Equation (2.18) for hnwb and substitute it into Equation (2.19):
hnwb = h¯n −
at
a
V¯H
(
1 − ∂
∂α
)
Cmα = −V¯Hat
(
1 − ∂
∂α
)
+ a
(
h − h¯n − ata V¯H
(
1 − ∂
∂α
))
= a
(
h − h¯n
)
Cmα = CLα
(
h − h¯n
)
(2.20)
We then define the static margin K:
K = (h¯n − h)
Notice that K needs to be positive to satisfy positive pitch stiffness. This will always be possible when the CG is
forward of the neutral point.
Total Lift and Moment
Now we must derive expressions for the aircraft’s total moment and lift, in order to study trim and elevator control.
Before we embark on determining these expressions, we must determine how to approximate  .
We will assume the following [1]:
 = 0 +
∂
∂α
αwb (2.21)
Where 0 is the zero-lift down-wash angle. This quantity will be discussed more later on.
Plug this result into Equation (2.15):
CLt = at
[
it − 0 +
(
1 − ∂
∂α
)
αwb
]
(2.22)
Now we substitute Equations (2.12) and (2.13) into Equation (2.10).
CL = αtat
St
S
+ αwbawb
Substitute Equation (2.14):
CL = at
[
it − 0 +
(
1 − ∂
∂α
)
αwb
]
St
S
+ αwbawb
Simplify:
CL = awbαwb
[
1 +
atSt
awbS
(
1 − ∂
∂α
)]
+ at
St
S
(it − 0)
Invoke the relation we found for a:
CL = αwba + CL0 (2.23)
Where:
CL0 = at
St
S
(it − 0) (2.24)
Now let’s calculate the total moment for the vehicle. Recall Equation (2.9).
Cm = −V¯HCLt +
(
St
S
CLt + CLwb
) (
h − hnwb
)
+ Cmacwb
Recall Equations (2.13), (2.15), and our relation for a:
CLt = at
[
it − 0 +
(
1 − ∂
∂α
)
αwb
]
CLwb = αwbawb
a =
[
St
S
at
(
1 − ∂
∂α
)
+ awb
]
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Substitute Equations (2.13) and (2.15) into Equation (2.9):
Cm = −V¯Hat
[
it − 0 +
(
1 − ∂
∂α
)
αwb
]
+
(
St
S
at
[
it − 0 +
(
1 − ∂
∂α
)
αwb
]
+ αwbawb
) (
h − hnwb
)
+ Cmacwb
Let’s focus on the second term:(
St
S
at (it − 0) + StS at
(
1 − ∂
∂α
)
αwb + αwbawb
) (
h − hnwb
)
Notice:
aαwb =
St
S
at
(
1 − ∂
∂α
)
αwb + αwbawb
Therefore: (
St
S
at (it − 0) + aαwb
) (
h − hnwb
)
Therefore:
Cm = −V¯Hat
[
it − 0 +
(
1 − ∂
∂α
)
αwb
]
+
(
St
S
at (it − 0) + aαwb
) (
h − hnwb
)
+ Cmacwb
Recall Equation (2.19):
Cmα = −V¯Hat
(
1 − ∂
∂α
)
+ a
(
h − hnwb
)
Therefore:
Cm = −V¯Hat (it − 0) + StS at (it − 0)
(
h − hnwb
)
+ Cmacwb + Cmααwb
Simplify:
Cm = at
(
−V¯H + StS
(
h − hnwb
) ) (it − 0) + Cmacwb + Cmααwb
Recall the relation for lt :
lt = l¯t −
(
h − hnwb
)
c¯
Therefore:
Cm = −atV¯H lt
l¯t
(it − 0) + Cmacwb + Cmααwb
Finally
Cm = Cm0 + Cmααwb (2.25)
Where:
Cm0 = −atV¯H
lt
l¯t
(it − 0) + Cmacwb (2.26)
The Elevator
Up until now, our analysis did not involve an elevator on the tail. Let us think about how flight would occur without one.
With our current analysis, the vehicle can trim at a single angle of attack; hence, the aircraft can only achieve stable
flight at one velocity. If the angle of attack is increased then the velocity decreases; but, the vehicle will encounter a
nose-down moment. That means we can only fly at one velocity. Now, this is where the elevator comes into play, it
provides a variable pitching moment. Further, the application of the elevator can be summarized as follows:
1. Change of the trim condition.
2. Change in speed or pitching motion.
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CLe = CLδ δe
Cme = Cmδ δe
Where:
CLδ =
∂CL
∂δ
Cmδ =
∂Cm
∂δ
Now superimpose with Equations (2.23) and (2.25):
CL = αwba + CL0 + CLδ δe (2.27)
Cm = Cm0 + Cmααwb + Cmδ δe (2.28)
The sign convention we will use for the tail is a positive clockwise motion. Inspection of Equations (2.27) and (2.28)
shows that the slopes of these equations will not change. The line though will be shifted vertically. Thus, the moment
curve will have a change in trim angle. Also, the zero-lift angle of attack will be altered as well. Recall Equation
(2.10):
CL =
(
St
S
CLt + CLwb
)
Take the partial with respect to δ:
∂CL
∂δ
=
St
S
CLtδ + CLwbδ (2.29)
CLwbδ is assumed to be very small. Further, we define CLtδ as the elevator lift efficiency ae.
Recall Equation (2.9) and apply Equation (2.10) to it.
Cm = −V¯HCLt + CL
(
h − hnwb
)
+ Cmacwb
Take the partial with respect to δ.
∂Cm
∂δ
= −V¯HCLt δ + CLδ
(
h − hnwb
)
+ Cmacwb δ
We will assume that a true aerodynamic center exists for the wing-body. Hence, Cmacwb δ = 0. Therefore:
∂Cm
∂δ
= −V¯Hae + CLδ
(
h − hnwb
)
(2.30)
Trim Control
Now we will study how the trim condition can be varied by altering the angle of the elevator. For trim we need to have
Cm = 0; the value of δ that solves this is δetrim . Rewrite Equations (2.27) and (2.28), applied to trim:
CLtrim = αtrima + CL0 + CLδδetrim (2.31)
− Cm0 = Cmααtrim + Cmδ δetrim (2.32)
Write Equations (2.31) and (2.32) in matrix-algebra form:
a CLδ
Cmα Cmδ


αtrim
δetrim
 =

CLtrim − CL0
−Cm0

Solve for the column vector on the LHS.
αtrim
δetrim
 =
1(
aCmδ − CmαCLδ
) 
Cmδ −CLδ
−Cmα a


CLtrim − CL0
−Cm0

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Simplify: 
αtrim
δetrim
 =
1(
aCmδ − CmαCLδ
) 
Cmδ
(
CLtrim − CL0
)
+ Cm0CLδ
− ( (CLtrim − CL0 ) Cmα + aCm0 )
 (2.33)
This concludes our mathematical development.
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Chapter 3
The Apparatus
The most recent design iteration for the apparatus is shown in Figure (3.1). This section will provide an explanation for
each component of the apparatus, as well as how to operate and control the dynamic components for it. A classroom
experiment will be included in the Appendix, for which will be designed to be included in future aerospace courses at
WPI.
Figure 3.1: The Most Recent Design Iteration, Solidworks File
3.1 Apparatus Guide
The purpose of this apparatus is to help students visualize longitudinal stability of an aircraft and understand what
parameters affect it. The apparatus in this experiment is meant to simulate a simple aircraft. It consists of a wing,
a tail, and a structure, with several adjustable components integrated within these three parts. There are a total of
four adjustable components with user inputs, these are: an extendable boom, a tail elevator, the position of a movable
mass, and the distance from the wing to the pivot. The entire system is housed and mounted onto the structure with an
integrated fuselage to decrease flow disturbance.
1. Extendable Boom: This device allows the user to adjust the distance between the aerodynamic centers of the
wing and the tail. This is achieved by extending and retracting a linear actuator mounted inside the structure.
The tail is mounted on a ball bearing which is then mounted on the shaft of the actuator. This allows the tail to
rotate freely relative to the actuator’s shaft. To prevent the tail from rotating while the actuator is moving, two
guide rails integrated within the structure connect to the tail. This ensures that the tail will remain in a horizontal
position at all times. The actuator has a stroke length of six inches. When the actuator is fully retracted, the
leading edge of the tail is 11 inches behind the pivot. The extend-able boom allows the operator to visualize the
effect changing the distance between the wing and the tail influences the longitudinal stability of an aircraft.
2. Tail Elevator: The tail elevator is a small section of the tail which can change angle relative to the rest of the tail.
The elevator makes up 25 percent of the tail chord and is located at the trailing edge of the tail. The elevator
is connected to the tail by a series of hinges. An elevator angle of 0 degrees corresponds to the chord of the
elevator being aligned with the chord of the tail. From this 0 degree position, the elevator can be adjusted from
-18◦ to 23◦ in angle, δe for a total range of 41◦ The elevator angle is controlled using a servo motor. The servo
is mounted behind the tail mount, to reduce the frontal area and drag effects on the tail.
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3. Wing Position: The horizontal position of the wing can also be changed. The wing is mounted onto a rail
integrated into the structure. The rail has a stroke length of three inches. This allows the trailing edge of the wing
to be between zero and three inches away from the pivot. The main purpose of this feature is to help offset some
of the moment caused by extending the linear actuator in the extend-able boom. It also changes the distance
between the wing and the apparatus center of mass.
4. Movable Mass: To counteract the moments caused by the previous three dynamic components, there is a mass
with an adjustable position. The mass is located inside the structure. The mass rests on a slot integrated within
the structure. This slot allows the mass to move within 3.25 inches of the pivot. The mass has a total horizontal
range of 2.5 inches. When either the wing or tail position are changed relative to the structure, the center of mass
of the apparatus will also change. The position of the mass can be adjusted manually by the user to account for
the change in position of the apparatus’ center of mass. The mass position will be determined after the other
three dynamic components have been adjusted, allowing the user to bring the apparatus’ center of mass back to
the pivot.
5. The Structure: The structure consists of two parallel beams with multiple dividers in between. The dividers
double as brackets to house the linear actuator. The slot for the movable mass, as well as the pivot point, are
located on the side of the parallel bars. The wing slide is located on top of the structure, ahead of the pivot point.
The interface between the wing mount and slide has been designed such that the wing can be easily removed from
the structure. This allows the movable mass to be accessed more easily, as well as the potential for alternative
airfoils to be used.
6. The Fuselage: The fuselage is incorporated into the apparatus to reduce the effects of drag caused by the structure.
The structure is relatively streamlined and does not require a large fuselage to encapsulate it. The fuselage is
scaled down from previous iterations and resembles a nose cone. The reduced fuselage size allows easier access
to the movable mass.
3.2 Apparatus Operation
This section briefly depicts how to use the adjustable and detachable parts of the apparatus for experimentation. This
serves as an abridged version of the user manual which can be found in Appendix C. Should any problems arise consult
the complete user manual, Teacher’s Assistant, or the Professor in charge of the experiment.
3.2.1 Actuator Extension
Adjusting the extendable boom on the apparatus will change the length between the aerodynamic centers of the wing
and tail, which can have a drastic change on the static margin of the apparatus. Adjusting the component can be done
by entering the desired actuator extension into the Arduino interface. If the linear actuator does not extend, ensure
that the apparatus has been hooked up correctly and that the Arduino program is running properly by testing other
components.
3.2.2 Elevator Adjustment
Adjusting the elevator will change the apparatus’ trim condition, altering the angle at which it achieves trim. The
elevator angle can be adjusted by using the Arduino interface to change the δe value. This will cause the servomotor
to move the elevator to the desired angle. Note that this value will be positive when the elevator is positioned in the
downwards direction and negative when it is in the upwards direction. If the servomotor is unresponsive, test other
components to check that the apparatus has been hooked up correctly and that the Arduino program is running properly.
3.2.3 Utilizing the Movable Mass to Balance
The mass can be adjusted to bring the center of mass of the apparatus back to the pivot point when the actuator is
extended or retracted. This component can be moved by loosening the bolts on the side of the apparatus structure
and then proceeding to move the mass until the apparatus is visually balanced around its pivot point. Do not forget to
secure the mass to the structure of the apparatus by re-tightening the bolts once it has been balanced.
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3.2.4 Adjusting Wing Position
The wing position can be adjusted relative to the pivot, which in turn causes the neutral point of the apparatus to
change, directly changing the static margin. The wing is attached to a rail system on the top of the structure which can
be moved by loosening the bolts on the rail. If the bolts are not easily reachable, the entire wing and wing mount can
be disconnected from the structure. Once removed, the bolts can be loosened. Once the wing moves freely about the
rail, adjust it to the desired position and then tighten the bolts to secure the wing position. If the wing is stuck and
cannot easily slide along the rail do not attempt to force the wing back. If this occurs, apply force at the base of the rail
and not on the wing, as the wing is fragile.
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Chapter 4
System Design
The main objective of this project was to design an apparatus that could be used in a classroom environment, so as to
allow the student to see how variations in the parameters for longitudinal stability affect the overall static stability of
the fictitious aircraft. The classroom apparatus began as a simple finite wing attached to a finite tail, connected by a
linear actuator; in addition, the tail possessed an elevator. The fuselage contained an attached mass inside of it, so as to
balance the CG at the pivot. Further, the pivot is a rod going through the apparatus that mounts it in the wind-tunnel,
located in the basement of Higgins Laboratory at Worcester Polytechnic Institute.
The previous two chapters of analysis illustrate that the main parameters the student should be able to adjust, for static
stability, are:
1. The location of the CG
2. The distance between the wing’s and tail’s aerodynamic centers
3. The elevator angle and the aircraft’s angle of attack
Shown below is an infographic that demonstrates the main parameters the student will be able to vary.
Figure 4.1: Main Parameters for Static Stability [2]
The classroom experiment apparatus went through five iterative states of design. Each individual stage of design is
shown below. Seeing the development of the apparatus prepares the reader for the mathematical design between the
preliminary design to the final design.
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4.1 Design I
Figure 4.2: Design I
This version of the apparatus consists of a wing and tail. The tail has an elevator on it, and the distance between the
wing and tail is constant. This model has not accounted for a variable "boom length" yet. Also notice the housing
bracket on the side of the wing, this allows for the wing’s position to be varied. No fuselage has been incorporated.
4.2 Design II
Figure 4.3: Design II
This design includes the linear actuator to allow for a variable extendable boom. Included is also a simple structure
designed to house actuator. This iteration includes the first version of an adapter to interface the tail with the linear
actuator. In addition, a uniform mass is attached underneath the pivot, so as to help in stabilizing the location of the
center of gravity. The mass is not yet movable yet. The position of the wing can also be adjusted incrementally to
compensate for the actuators’ extension, so that the center of gravity is kept at the pivot.
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Figure 4.4: View of Design II in a Fictitious Wind Tunnel.
4.3 Design III
Figure 4.5: Design III
This design includes the first iteration of the fuselage for the classroom experiment apparatus. The mass is able to be
moved and is housed inside the fuselage. The fuselage also aids in reducing drag on the fictitious aircraft. The housing
mount is not shown in the figure.
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4.4 Design IV
Figure 4.6: Design IV, Fuselage Redesign
The fuselage was redesigned such to keep its CG at the pivot of the apparatus, so as to not be included in the moment
calculations. Slots have been incorporated into the fuselage to allow the mass to move uni-directionally. Note the
fuselage is bolted to the two structural beams which support the entire apparatus.
4.5 Design V
Figure 4.7: Design V, Overall
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The penultimate design includes a more aerodynamically efficient fuselage. The apparatus now has a rail on its top
surface, which allows the wing to be moved such that its trailing edge can move 0-3 inches from the pivot of the
apparatus. Additionally, the fuselage is removable, so as to allow for easy adjustment of the movable mass. The inner
structure of the fuselage can be seen in the two Figures below. The fuselage is also designed such that its CG is located
at the pivot. The slot for the movable mass are now incorporated into the structure.
Figure 4.8: Design V, Structure Inside Fuselage
Figure 4.9: Design V, General Structure Inside Fuselage
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Figure 4.10: Design V, Base Structure Inside Fuselage
4.6 Final Design
The final design features a streamlined structure. For this reason, the fuselage was downsized to a small wedge-shape
located at the front of the structure. The prefabricated rail has been swapped out for a removable mounting system.
The wing has an attached wing mount on the under side. The wing mount fits into a slot integrated within the structure.
Both the wing and the tail have been designed to be built out of ribs and spar instead of being a solid as previous
iterations had shown. This allows for easier mounting of both the wing and the tail. The pivot for the tail elevator also
features two ball bearings which allow the elevator to float freely, putting less stress on the servo.
Figure 4.11: Final Design with Material Added
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Figure 4.12: Final Design with Side Panel Removed
4.7 The Physical Apparatus
This section will present the physically assembled apparatus. The team’s original constructed wing, based off of a
NASA 2412, resulted in being too large in span to fit in the wind tunnel, due to slight bowing of the wood. This wing
can be seen in Figures (4.13) and (4.14). Notice the slight wind twist due to warping of the wood. The team’s final
wing design, based off of a NACA 4412, can be seen in Figures (4.15) and (4.16). The wind tunnel disk and movable
mass can be seen in Figures (4.17) and (4.18), respectively. The tail and the fuselage can be seen in Figures (4.20)
and (4.19), respectively. A top-down view, back view, and side view of the first constructed apparatus can be seen in
Figures (4.22), (4.21), and (4.23) respectively. The only difference between this apparatus and the final one is just the
wing. Finally, an added cylindrical weight can be seen in Figure (4.24).
Figure 4.13: Top View of the Wing, First Design
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Figure 4.14: Bottom View of the Wing, First Design
Figure 4.15: Top View of the Wing, Final Model
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Figure 4.16: Side View of the Wing, Final Design
Figure 4.17: Wind Tunnel Disk, Final Design
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Figure 4.18: Movable Mass, Final Model
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Figure 4.19: Top View of the Fusealge, Final Model
Figure 4.20: Elevator with Tail, Final Model
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Figure 4.21: Back View of the Apparatus, Final Model
Figure 4.22: Top View of the Apparatus, Final Model
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Figure 4.23: Side View of the Apparatus, Final Model
Figure 4.24: Back View of the Cylindrical Weight, Final Model
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Chapter 5
Control System Design
The apparatus was designed with several components that can be adjusted by the user. Two of these, specifically the
elevator and tail distance, were designed to be adjusted by inputting desired specifications into a computer program so
that it can be adjusted quickly and easily. To design this, the project group utilized an Arduino Mega which controls a
servo motor that adjusts the elevator angle, and a linear actuator which augments the distance between the pivot point
and the tail.
The control systems were designed with the intention of the user being able to adjust both the elevator angle and the
extendable boom. The user has the ability to change several variables at the beginning of the Arduino code which sets
both of the parameters to the desired configuration. Once the variables are adjusted, the code is then uploaded to the
Arduino which then changes the apparatus to the desired configuration.
5.1 Structure of Wiring
The system shown below is the wiring diagram for the entire control system. It consists of five different major
components. An Arduino Mega drives the entire system; however, to drive the linear actuator, a motor drive module is
required. The project group chose to use an Adafruit DRV8871 motor driver for this, which also has to take a 12 volt
power supply to provide enough power to drive the linear actuator. The linear actuator itself is a Thomson 12V 6-inch
stroke actuator, and the servo motor depicted is a Hitec HS-85BB Mighty Micro Servo, which is run directly off the
Arduino.
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Figure 5.1: Wiring Diagram of System
Figure (5.1) shows how our system is to be set up. The red lines represent the power cables, the green lines represent
the signal cables, and the black lines represent the ground cables. The diagram is drawn neglecting use of a breadboard;
however, it may be needed as there is only one ground port on the Arduino. Figure (5.2) shows a closeup of the fully
integrated control system. Note that in Figure (5.2), the cables that connect the servo and linear actuator are much
shorter than when it is assembled inside the apparatus. Figure (5.3) shows the fully integrated control system. Note
that the actuator power and Arduino are not plugged in.
Figure 5.2: Closeup of Control Systems
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Figure 5.3: Complete Control System Assembled
5.2 Setting up the Wiring Structure
This section contains step by step instructions on how to set up the wiring structure of the controllable systems on the
apparatus. The wiring diagram in the previous section can also be used as an aid to these instructions. Also note that
these instructions may utilize a breadboard to organize the wiring for ease of use.
Connecting the Components:
1. Unpack all of the components provided to you and ensure that you have everything you require to properly
connect everything.
2. Observe the wiring diagram provided. Connect all of the signal cables ensuring that they go to the accurate
PWM ports. Number 2 goes to the servo motor, number 5 goes to "IN 1" on the motor driver, and number 7
goes to "IN 2" on the motor driver.
3. Now connect all of the ground wiring. You may need a breadboard here to ensure that both the servo and motor
driver are properly grounded.
4. The last step is to hook up all of the power cables. The servo motor is powered directly through the Arduino 5
volt line. The linear actuator takes the power from the 12 volt power supply. Make sure that you do not hook the
power of the Arduino up to the motor driver, or this will fry the Arduino and may damage the computer being
used to operate the apparatus. To check this, if the Arduino is plugged in and the power supply has the light on,
however is not plugged in, then the power cables are connected incorrectly.
5.3 Structure of Arduino Code
To use the Arduino Mega for controlling the linear actuator and the servo motor, code had to be written that operate
each component. To control the linear actuator, code had to be written so that the desired length of the extension could
be input by the user. To do this, the simple equation below was used.
Time =
Distance
Velocity
(5.1)
With Equation (5.1) the distance component is the length that the actuator is to be extended, and the velocity is the
speed of the actuator at 12 volts of power. The time that is computed is the amount of time that the actuator has to be
extended for to reach the desired extension. The actuator works by setting the power to either extend or retract by the
calculated time above which corresponds to the desired length.
To control the servo, a command is used that sets the angle of the servo relative to itself between 0 and 180 degrees.
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The equation that allows the user to input the desired elevator angle was derived from testing with the apparatus and
curve fitting the corresponding servo angles and elevator angles. Table (5.1) contains a sample of the data that was
curve fit.
Table 5.1: Elevator vs. Servo Angle
Elevator Angle: δe Servo Angle
-15◦ 110◦
-8◦ 100◦
-0.5◦ 90◦
7◦ 80◦
14◦ 70◦
The complete data set that was curve fit can be found in Appendix D and Appendix C of the laboratory. The
corresponding equation for the curve fit is labeled below in Equation (5.2).
Angle of Servo = (−7.661 ∗ 10−9)δ7e + (2.545 ∗ 10−7)δ6e − (1.088 ∗ 10−6)δ5e − (6.007 ∗ 10−5)δ4e
+(3.153 ∗ 10−4)δ3e − (2.478 ∗ 10−3)δ2e − (1.327)δe + 89.82
(5.2)
Once all of the equations were derived, the code was adjusted so that a user sets two variables at the beginning of the
code with their desired specifications. The first variable adjusts the linear actuator length with respect to where it is
currently, and the second variable adjusts the servo angle relative to the desired elevator angle. The code that was
utilized for this apparatus can be found in Appendix C.
5.4 Operating the Control Systems
This section contains step by step instructions on how to operate the apparatus’ control system. For this you will need a
computer with the Arduino programming software on it and the proper cables to connect your computer to the Arduino
Mega.
1. Connect the Arduino Mega to your computer via the USB-B cable provided.
2. Open the Arduino software and open the provided code titled "Stability Apparatus Control Systems"
3. Open "Tools" once again and this time go to "Port" and make sure that the COM programming port is selected
on the Arduino.
4. Once the software is open you will notice at the beginning of the code are two variables labeled Length and
Elevator Angle. These values can be changed to the desired values of the user. Note that the length is relative
from where it is currently and only has a max stroke length of 6 inches. Also note that the elevator has a max
elevator angle of -18◦ to 23◦, anything larger than these angles have a chance of destroying structural components
of the tail.
5. Once the desired values are input, save the code and then click the right arrow above the code. This will upload
the code to the Arduino and change the apparatus to your desired settings.
31
Chapter 6
Modeling the Apparatus
We will begin by calculating the center of mass of the classroom experiment apparatus. We define the axis such that
we are taking reference with respect to the pivot of the apparatus.
CG =
maLa (x) − mwLw (x) − mblockLblock(x) + mtLt(x) + mfLf
ma + mw + mt + mblock + mfuselage
Where:
La (x): The distance from the pivot to the CG of the linear actuator. VARIABLE
Lw(x): The distance from the pivot to the CG of the wing. VARIABLE
Lt(x): The distance from the pivot to the CG of the tail. VARIABLE
Lblock(x): The distance from the pivot to the CG of the block. VARIABLE
Lf: The distance from the pivot to the CG of the fuselage. FIXED
The CG of the block is assumed to be at its center. The CG location of the variable linear actuator will be linearly
approximated.
Since we assumed that the CG is at our origin (where the pivot is), then we set the CG equation equal to zero.
0 =
maLa (x) − mwLw (x) − mblockLblock(x) + mtLt(x) + mfLf
ma + mw + mt + mblock + mf
Therefore:
maLa (x) − mwLw(x) − mblockLblock(x) + mtLt(x) + mfLf = 0 (6.1)
According to Equation (6.1), we can calculate what we should adjust Lblock(x) to in order to keep the CG set at the
pivot. Therefore, the independent values to vary are the stroke-length of the linear actuator, and the distance between
the wing’s trailing edge and the pivot.
We also need to think about the horizontal tail-volume ratio, V¯H .
Recall Equation (2.7):
V¯H =
l¯tSt
Sc¯
We need to have a positive static margin in order to satisfy the conditions of longitudinal stability.
Recall the static margin:
K = (h¯n − h)
Recall Equation (2.18):
h¯n =
at
a
V¯H
(
1 − ∂
∂α
)
+ hnwb
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Also recall the relation for a.
a =
[
St
S
at
(
1 − ∂
∂α
)
+ awb
]
Therefore:
K =
at
a
V¯H
(
1 − ∂
∂α
)
+ hnwb − h > 0
Therefore:
h <
at
a
V¯H
(
1 − ∂
∂α
)
+ hnwb (6.2)
Notice that h = 0 for our case.
1. τ(x): The distance of the trailing edge of the wing to the pivot; for brevity we will denote τ(x) with just τ.
2. ζ : The length of the uniform mass-block
It should now be clear that the parameters to be solved for are St and mblock.
Solve Equation (6.1) for mblock:
mblock =
1
Lblock(x) [maLa (x) − mwLw(x) + mtLt(x) + mfLf] (6.3)
Notice that Equation (2.18) depends on l¯t , which is the distance between the aerodynamic centers of the wing and the
tail.
l¯t =
(
1 − hnwb
)
c¯ + τ + G + Γ + β + cthnt (6.4)
Where β(x) is the instantaneous stroke-length of the linear actuator. Γ is the retracted length of the linear actuator.
Now define the L variables in terms of their unique own functions.
Lw(x) = (1 − hw) c¯ + τ(x)
Lblock(x) =
(
ζ
2
+ Φ
)
La (x) = G +V(x)
Lt(x) = G + Γ + β (x) + ctht
1. Φ: The distance of the right-most side of the block to the pivot.
2. G: The distance of the gap between the pivot and left-most side of the linear actuator.
3. V(x): The distance between the linear actuator’s CG and the pivot.
Notice that V(x) is variable since the CG of the actuator changes as its stroke length changes. To continue with
the analysis, we need to come out with a functional approximation for this change, for which we will utilize a linear
approximation. We will first measure the linear actuator’s CG, with respect to the left most side of the actuator with
zero stroke length; for which we will denote both this stroke length by β1 and this CG location byH1. Now we we will
measure the CG of when the actuator has maximum stroke length, and denote both this stroke length by β2 and this
CG location byH2. We now will calculate the gradient and denote it by J :
J = H2 −H1
β2 − β1
Therefore, our functional representation ofV becomes
V = J β(x) +H1
To resume, the apparatus is designed such that the block can move independent of the wing.
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The constraint on the length of the linear actuator is:
0 inches ≤ β(x) ≥ 6 inches.
We are now in a difficult situation, we need to determine at and St . Let’s continue on with the analysis.
Let’s start the analysis using the the low end value for the length of the linear actuator. Since we have now set the total
length of the actuator, notice that we now can determine Lt . We also have to make an initial guess for the mass of the
block. We will assume it weighs 1 kg, and it has length of 4 inches.
Set up the implicit equation. First rewrite (4.2):
0︸︷︷︸
h=0
<
at[
St
S at
(
1 − ∂∂α
)
+ awb
] ( (1 − hnwb ) c¯ + τ + G + Γ + β + cthnt )
Sc¯
(
1 − ∂
∂α
)
+ hnwb (6.5)
Rewrite Equation (6.3):
mblock =
1(
ζ
2 + Φ
) [ma (G +V) − mw ((1 − hw) c¯ + τ) + mt (G + Γ + β + ctht ) + mfLf] (6.6)
We need to get rid of Φ and eventually solve for St .
Solve Equation (6.6) for Φ:
Φ =
ma (G +V) − mw ((1 − hw) c¯ + τ) + mt (G + Γ + β + ctht ) + mfLf − mblock ζ2
mblock
(6.7)
6.1 The Aerodynamic Coefficients
The derived expressions above depend on at , aw , and
∂
∂α
.
Let us determine aw first. Since the wing is very close to being flushed with the wind tunnel, we can approximate it as
an infinite wing. Therefore, according to thin airfoil theory, aw = 2pi.
Now let us calculate
∂
∂α
, which was provided by [3]:
d
dα
= 4.44
√
1 − M2
((
1
(AR) −
1
1 + (AR)1.7
) (
10 − 3λ
7
) (
1 − (l¯tv/b)
(2l¯t/b)0.33
) √
cos λ)
)1.19
(6.8)
1. l¯tv: The vertical distance between the wing and horizontal tail aerodynamic centers.
2. λ: The taper ratio (tip chord length divided by root chord length).
3. AR: The aspect ratio.
Notice:
AR =
bw2
Sw
=
bw
cw
We now need to calculate the Mach number:
M =
V
a
(6.9)
Where:
a =
√
γRT (6.10)
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Now we need to determine what the span of the tail needs to be. Let’s employ the Polhamus Formula for the tail, which
was provided by [3]:
at =
2pi(AR)√
(AR)2(1−M2)
K2
(
1 + tan
2(Λ)
1−M2
)
+ 4
(6.11)
We will assume that the AR will be less than 4. Therefore:
K = 1 + (AR)(1.87 − 2.33 ∗ 10−4Λ)/100
6.2 Model Validation
Through multiple iterative calculations, the fixed-wing aircraft was designed and assembled. Table (6.1) provides both
the geometric and aerodynamic parameters for the most recent design iteration. Due to the multivariate nature of the
apparatus, we will provide analysis for a specific flight case. We study the case when the wind-tunnel is operating with
a free-stream flow velocity of 45 meters/sec.
6.2.1 Wind-Tunnel Parameters
We will assume the test is taking place at room temperature T = 288.15 K; as well as at sea-level, where ρ = 1.225 kg
m−3 and µ = 1.81206 × 10−5 kg m−1 s−1. We now must calculate the Mach number for this flight condition; to do so
we first must calculate the speed of sound:
a =
√
γRT (6.12)
Where for our case, γ = 1.4 and R =
8314.3
28.97
J kg−1 K−1. Now, we calculate Mach number:
M =
V
a
(6.13)
For which we obtain M = 0.13. Now, the WPI wind-tunnel, which can be seen in Figure (6.1), sets flow speed via
frequency. The frequency range spans from 0 to 62.5 Hz. The frequency is accurate up to ±1 Hz. The flow velocity for
this wind-tunnel ranges from 0 to 55 meters/sec. The relationship between the frequency and the flow velocity is linear.
Equation (6.14) can be used to calculate the appropriate frequency, F , in order to attain the desired flow velocity for
the tunnel:
F = 62.5
55
Vdesired (6.14)
Therefore, the necessary frequency for our desired flow velocity is:
F ≈ 51.1 Hz
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Figure 6.1: WPI Wind-Tunnel
6.2.2 Aerodynamic Coefficients
6.2.2.1 Determining ∂
∂α
Recall Equation (6.8):
d
dα
= 4.44
√
1 − M2
((
1
(AR) −
1
1 + (AR)1.7
) (
10 − 3λ
7
) (
1 − (l¯tv/b)
(2l¯t/b)0.33
) √
cos λ)
)1.19
The plot of
∂
∂α
vs β is shown in Figure (6.2). For each value of τ we will calculate the average value of
∂
∂α
:
∂
∂α
=

0.582
0.573
0.564
0.556

6.2.2.2 Determining at
In order to determine at we must first recall Equation (6.11):
at =
2pi(AR)√
(AR)2(1−M2)
K2
(
1 + tan
2(Λ)
1−M2
)
+ 4
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Table 6.1: Main Aerodynamic and Geometric Parameters for the Apparatus
Parameter Designed Value
Γ 11 in
τ (x) 0-3 in
G 1 in
ζ 4 in
L f 0 in
ma 755.7 g
mt 154.8 g
mg 212.5 g
mblock 1,060.5 g
mcylinder 107.8 g
Wapparatus 26.7 N
hnw 0.25
hnt 0.25
cw 9.5 in
ct 7.75 in
β (x) 0-6 in
Λw 0◦
Λt 0◦
λw 1
ae 0.45
l¯t v 0 in
aw 2pi rad−1
bw 22.75 cm
bt 13.36 in
ht 0.2105
hw 0.4342
Sw 0.1394 m2
St 0.0668 m2
ARw 2.3947
ARt 1.7241
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Figure 6.2: ∂∂α vs β, Final Model
Also with the assumption of AR < 4:
K = 1 + (AR)(1.87 − 2.33 ∗ 10−4Λ)/100
Upon utilizing MATLAB®, we get at = 3.3017.
6.2.2.3 Solving for the Static Margin
Let us determine if the current model is statically stable.
Recall the expression for static margin:
Static Margin = hn − h (6.15)
=
at
a
V¯H
(
1 − ∂
∂α
)
+ hnwb − 0 (6.16)
The resulting plot is shown in Figure (6.3). Notice that the apparatus always has a positive static margin, for every
value of β. This shows that our design process was successful.
6.2.3 Trim Angles for Cruise
We desire to find the trim angles for a cruise velocity of that of conditions chosen for the wind-tunnel’s free-stream
velocity. Recall Equation (2.33):
αtrim
δetrim
 =
1(
aCmδ − CmαCLδ
) 
Cmδ
(
CLtrim − CL0
)
+ Cm0CLδ
− ( (CLtrim − CL0 ) Cmα + aCm0 )

In order to determine αtrim and δetrim , we must compute all of the parameters on the left hand side of Equation (2.33).
Before doing so, notice that the case of cruise, CLtrim , can be expressed as:
CLtrim =
W
1
2 ρcV
2
c Sw
(6.17)
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Figure 6.3: SM vs β, Final Model
where L = W at the cruise condition. Now we recall and rename Equations (2.17), (2.26), (2.24), (2.19), (2.29), and
(2.30):
a =
[
St
S
at
(
1 − ∂
∂α
)
+ awb
]
(6.18)
Cm0 = −atV¯H
lt
l¯t
(it − 0) + Cmacwb (6.19)
CL0 = at
St
S
(it − 0) (6.20)
Cmα = −V¯Hat
(
1 − ∂
∂α
)
+ a
(
h − hnwb
)
(6.21)
∂CL
∂δ
=
St
S
ae (6.22)
∂Cm
∂δ
= −V¯Hae + CLδ
(
h − hnwb
)
(6.23)
For our analysis, we will assume that 0 = 0. Therefore, Equation (6.20) goes to zero, since our tail has zero incidence
angle. The only unknowns left are ae and Cmacwb . The team utilized [4] to determine that ae = 0.45. For the other
unknown they utilized XFLR5. Since the airfoil (NACA 4412) does not satisfy thin-airfoil theory, the quarter-chord
moment will not be constant at the quarter-chord. Therefore, we took an average of the Cmacw values, in order to get
an approximate estimate for the quarter-chord moment. It should be noted that the team went through multiple design
stages, in order to keep Cmacw as invariant with angle of attack as possible. The final airfoil has a Cmacw that is fairly
constant for α between -6 and +6 degrees. This analysis can be seen in Figure (6.5). Now we can calculate all of the
parameters on the left hand side of Equation (2.33). The trim angles can be seen in Figures (6.4) and (6.6).
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Figure 6.4: Average Value and Actual Values of Cmacw vs αw , Final Model
Figure 6.5: αw vs β, Final Model
6.2.4 CG Balance
The mathematical model that calculates how far the right-hand side of the movable must be for theCG to balance at the
pivot, failed the team at first. Originally, we used a movable mass that weighed around 1 kg. This mass was too heavy
to stabilize the CG at the pivot. As a result, the team mounted a cylindrical mass at the edge of the apparatus’ fuselage,
which resulted in a successful means for balancing the CG at the pivot. The MATLAB® code , located in Appendix
A, for determining the required value of Φ was tested with reality, and matched with a negligible error. Further, the
weight addition can be seen in Figure (4.24). The resulting plot that shows the numerically calculated values of Φ can
be seen in Figure (6.7).
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Figure 6.6: δe vs β, Final Model
Figure 6.7: Φ vs β, Final Model
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Chapter 7
Results and Discussion
7.1 Wind-Tunnel Testing
Initial wind-tunnel testing resulted in failure of the apparatus to reach trim at reasonable angles of attack. With the
apparatus successfully balanced about the pivot point, the team planned to test the apparatus’ ability to reach trim at
a range of wind tunnel flow velocities. The testing would begin at low velocities and be incrementally raised until
the flow velocity reached a maximum of 55 meters/sec. When the testing commenced it became apparent that the
apparatus is incredibly unstable at low velocities. This was planned to occur. The servomotor on apparatus could not
orient the elevator to the required angles for these low velocities. Also, the servomotor was not strong enough to adjust
the elevator at this flow speed. At approximately 10 meters/sec the apparatus reached trim at an extremely negative
angle of attack, this can be seen in Figure (7.1). Despite reaching trim, this test was determined to be unacceptable,
due to the unrealistic angle of attack. Testing was limited to 10 meters/sec maximum flow velocity due to the difficulty
to control the apparatus, as well as to prevent damage to it and the wind tunnel. The team also had to hold the pivoting
rods during the entire test, so as to prevent the apparatus from colliding with the wind-tunnel.
7.2 Failure in the Physical Apparatus
The mass for the sliding mass was incorrectly chosen, due to the utilization of incorrect weights for the apparatus’
components. This resulted in the CG not being able to be balanced at the pivot. The movable mass was designed such
that its rear-most side would be able to vary in distance between the pivot, but that gap would have to remain such
that the rear-most side of the mass would never pass behind the pivot. With the original movable mass selected, the
required position of the mass was such that its rear-most side would have to pass behind the pivot, which is not possible
with how the apparatus was constructed. The team overcame this obstacle by counteracting the weight of the movable
mass using the cylindrical weight discussed in Chapters 4 and 6. This weight was strategically placed as far from the
pivot as possible, so as to assure the apparatus’ CG could remain at the pivot with the range of motion that the movable
mass was physically allowed. Surprisingly, this weight addition yielded favorable results for the required gap between
the movable mass and the pivot needed in order for the CG to always remain at the pivot.
Another problem with the physical apparatus is the wing’s slight twist. Due to warping of the wing-spars, the wing has
a noticeable angle of twist, resulting in different angles of attack at the left and right ends of the wing. This relative
angle of attack between the two sides of the wing cause different lift curves and, consequently, different lifts. The team
anticipates that this will not have a great effect on the testing, since the apparatus is constrained in the roll and yaw
directions. The potential for this mistake to affect testing does however remain an issue. Another aspect of the wing
construction was a slight bow on one of the wing’s sides. This bow prevented the apparatus from fitting in the wind
tunnel, since the wing was designed to exactly fit inside the tunnel. Aside from these flats, the physical apparatus was
constructed and assembled in a successful fashion.
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7.3 Aerodynamic Assumptions
Due to only being able to test the apparatus in the tunnel once, a few unresolved questions have arisen. The aerodynamic
simplifications that were invoked will cause less accuracy in the calculation for the apparatus’ static stability parameters.
We will now elaborate on this. The assumption  = 0 was invoked since the team could not find literature for the
determination of the downwash when the angle of attack is 0◦. Further, the team thought that this was a valid
assumption. The team’s calibration of the elevator was not completely ideal. The team measured the response of the
elevator to certain inputs and then used a protractor to measure how much the elevator’s angle changed. A polynomial
curve-fit was then applied to this data, which was then utilized in the Arduino code. These inaccuracies in the angle of
the elevator will influence the desired trim conditions.
7.3.1 The Assumptions for Cmacw
Taking an average value of Cmacw will cause error as well. For a thin-airfoil, the moment around the quarter is
approximately invariant with a change in angle of attack; but for our choice of a wing, we utilized a NACA 2412, which
is not considered thin. Figure (6.4) illustrates how the quarter-chord moment is not invariant with angle of attack, but
it is does not change considerably. This parameter was needed in the calculation of the trim angles. Therefore, there
will be an error in the actual trim angles needed, and the calculated trim angles. If this assumption was not invoked,
then the equation for determining the trim angle would become nontrivial.
7.3.2 The Assumptions for Elevator Efficiency
The assumption of the elevator efficiency was pulled from [4]. The team thought that this was a sound decision, since
numerous wind-tunnel tests could not be performed. If multiple tests were possible, the team would have iteratively
determined the calculated and actual trim angles. They would then run the numerical simulation with different values
of ae, until they matched with reality.
7.3.3 The Assumptions for aw
The most justified aerodynamic assumption was that of setting the wing’s lift curve slope to 2pi. The entire apparatus
was designed such that the wing would be approximately flushed with the sides of WPI’s wind tunnel. This assumption
would gravely simplify the analysis, since the wing could be approximated as an infinite wing, rather than a finite wing.
Therefore, the team expects very little error to result from the assumption.
7.4 Numerical Simulation
Besides the CG results discussed above, and keeping in mind the discussion on the aerodynamic assumptions, the
numerical calculation for the parameters of longitudinal stability were very favorable. This section will provide an
in-depth commentary for these results.
7.4.1 Numerical Results for ∂
∂α
The change in
∂
∂α
for the specified values of τ is considerably small. For higher values of τ, the downwash influence
is diminished, which correlates with the fact that the further the wing is from the tail, the less of an influence the wing
will have on flow that the tail will see. Also, notice that the downwash derivative does have moderate changes with the
range of β, for each value of τ. This of course makes sense, since the further the wing and tail are from the tail, the
less of an influence the wing will have on the tail (downwash).
7.4.2 Numerical Results for Static Margin
Our model was designed such that itsCG will always be at the pivot point of the apparatus. Therefore, when calculating
the static margin, we only need to calculate the entire vehicle’s neutral point, since h = 0. Figure (6.3) shows that the
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Figure 7.1: Wind-Tunnel Test
neutral point constantly increases with both increasing τ and β. This is an interesting result that makes sense upon
inspecting the expression for the overall neutral point; this expression depends on l¯t , equation (6.4). Inspection of this
equation illustrates that the distance between the aerodynamic center of the wing and tail increases linearly with both
τ and β.
7.4.3 Numerical Results for the CG Balance
The initial failure of the CG balance was already discussed; of which was a minute error. The problem was solved by
using a cylindrical weight of mass 107.8 grams. This mass was strapped to the back of the fuselage, such that its CG
would be 10.5 inches from the pivot. The resulting plot of Φ vs. β can be seen in Figure (6.7). Notice that the movable
mass adjustment is very favorable. Further, the adjustment values mostly fall within a range that is physically possible
with the apparatus.
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Chapter 8
Conclusion
The entire design process and assembly for a fixed-wing aircraft, that serves to demonstrate longitudinal stability in a
wind tunnel, was multivariate. The team began with an intensive literature review as to understand how key parameters
of longitudinal stability were influenced by varying the geometries of an aircraft. They then hypothesized methods as
to make such an apparatus that could vary it’s own geometries for this purpose, but constrained to the dimensions of the
WPI wind tunnel. After a plethora of design iterations, the team deduced their final model and then sought to machine,
assemble, and produce it. The final step was to run the apparatus in a wind tunnel, to test if the applied assumptions
for the aerodynamic theory were valid, regardless of the multiple successful numerical simulations. Regardless of the
ability to test the result in the wind tunnel, the team has utmost confidence in the apparatus, and its functionality. The
team then produced a laboratory experiment for full use of the apparatus in a classroom environment. The experiment
was produced as to maximize the likelihood of aiding students in understanding the theory of longitudinal stability,
which satisfied the main goal of the project.
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Chapter 9
Future Work
Due to time constraints, the team was only able to begin preliminary testing in the wind tunnel. This of course leaves
a few questions unanswered. Therefore, the team will conduct a multitude of wind tunnel tests after this paper is
submitted. The tests are needed in order to validate the intensive modeling and aerodynamic assumptions that were
conducted in the design process of the apparatus. After initial testing, several issues in the design became apparent.
Most notably, restriction of the aircraft’s pitch angle must be added, in order to prevent the tail from colliding with
either the floor or ceiling of the wind tunnel. Incorporation of pins on either end of the pivot as well as stoppers on
the wind tunnel disks would solve this problem. Once incorporated, this will allow the apparatus to be tested safely at
higher flow velocities. A possible design can be seen in Figure (9.1). Also a servomotor with more power will need to
be incorporated on the elevator due to the current servo not being able to keep the elevator at the desired angle at high
wind tunnel speeds. One final work for this apparatus would be a method to study the dynamic modes of the aircraft
to external inputs. This final addition would allow the student to see dynamic stability or instability of the apparatus
such as the phugoid and short period oscillations that the apparatus would endure.
Figure 9.1: Wind-Tunnel Disk Design for Constrained Apparatus Pitching
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Appendix A - Proposed Laboratory
In this Appendix is a proposed laboratory to be utilized in future WPI aerospace courses and to augment students’
understanding of longitudinal stability.
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Introduction
The overall purpose of this lab is to gain an understanding of how the longitudinal stability of an aircraft is
influenced by the variation of its geometries. Further, this lab will demonstrate the importance and priority
of each parameter by testing a fixed-wing apparatus in the WPI wind tunnel. An Arduino microcontroller
will be utilized to vary aspects of this apparatus, along with a strong application of both aerodynamic and
stability theory.
This apparatus includes three independent, dynamic components which can be changed to vary the emulated
aircraft’s geometry. These include: wing position, tail position, and tail elevator angle. A fourth dynamic
component is a movable mass, a dependent variable used to maintain the apparatus’ center of mass position
at the pivot point. In the lab you will be adjusting these components such that the center of mass remains
at the pivot point and the apparatus reaches stability at given wind tunnel speeds, wing positions, and tail
positions. The lab also includes a section that requires an in-depth analysis of the assumptions used when
designing the apparatus, as well as writing your own Arduino code that can control several components of
the apparatus. The TA will describe operation of both the apparatus and the WPI wind tunnel.
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The Apparatus
The laboratory apparatus is shown in Figure (1). This section will provide an explanation for each component
of the apparatus, as well as how to operate and control the dynamic components for it.
Figure 1: The Laboratory Apparatus
Apparatus Guide
The purpose of this apparatus is to help students visualize longitudinal stability of an aircraft and understand
what parameters affect it, and how strongly they do so. The apparatus in this experiment is meant to emulate
a standard fixed-wing and horizontal tail configuration aircraft. It consists of a wing, tail, and a structure,
with several dynamic components integrated within these three parts. There are a total of four dynamic
components with user inputs, these are: an extendable boom, the tail’s elevator angle, the position of a
movable mass with respect to the pivot point, and the distance from the wing to the pivot. The entire system
is housed and mounted onto an external structure, with an integrated fuselage to decrease flow disturbance.
1. Extendable Boom: This device allows the user to adjust the distance between the aerodynamic centers
of the wing and the tail. This is achieved by extending and retracting a linear actuator mounted inside
the structure. The tail is mounted on a ball bearing which is then mounted on the shaft of the actuator.
This allows the tail to rotate freely relative to the actuator’s shaft. To prevent the tail from rotating
while the actuator is moving, two guide rails integrated within the structure connect to the tail. This
ensures that the tail will remain in a horizontal position at all times. The actuator has a stroke length of
six inches. When the actuator is fully retracted, the leading edge of the tail is approximately 11 inches
behind the pivot. The extendable boom allows the operator to visualize the effect of how changing the
distance between the wing and the tail influences the longitudinal stability of an aircraft.
2. Tail Elevator: The tail elevator is a small section of the tail which can change angle relative to the
rest of the tail. The elevator makes up 25 percent of the tail chord, and is located at the trailing
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edge of the tail. The elevator is connected to the tail by a series of hinges. An elevator angle of 0
degrees corresponds to the chord of the elevator being aligned with the chord of the tail. From this 0
degree position, the elevator can be adjusted 18 degrees in the upwards direction and 23 degrees in
the downward direction, for a total range of 41 degrees. The elevator angle is controlled using a servo
motor. The servo is mounted behind the tail mount, to reduce the frontal area and drag effects on the
tail.
3. Wing Position: The horizontal position of the wing can also be changed. The wing is mounted onto a
rail integrated into the structure. The rail has a stroke length of three inches. This allows the trailing
edge of the wing to be between zero and three inches away from the pivot. The main purpose of this
feature is to help offset some of the moment caused by extending the linear actuator in the extendable
boom.
4. Movable Mass: To counteract the moments caused by the previous three dynamic components, there
is a mass with an adjustable position. The mass is located inside the structure, resting on two slots
situated in the structure. This allows the horizontal position of the mass to be changed. The mass rests
on a slot integrated within the structure. This slot allows the mass to move within 2.5 inches of the
pivot. The mass has a total range of 2.125 inches. When either the wing or tail position are changed
relative to the structure, the center of mass of the apparatus will also change. The position of the mass
can be adjusted manually by the user to account for the change in position of the apparatus’ center
of mass. The mass position will be determined after the other three dynamic components have been
adjusted, allowing the user to bring the apparatus’ center of mass back to the pivot.
5. The Structure: The structure consists of two parallel beams with multiple dividers in between. The
dividers double as brackets to house the linear actuator. The slot for the movable mass, as well as the
pivot point, are located on the side of the parallel bars. The wing slide is located on top of the structure,
ahead of the pivot point. The interface between the wing mount and slide has been designed such that
the wing can be easily removed from the structure. This allows the movable mass to be accessed more
easily, as well as the potential for alternative airfoils to be used.
6. The Fuselage: The fuselage is incorporated into the apparatus to reduce the effects of drag caused by
the structure. The structure is relatively streamlined and does not require a large fuselage to encapsulate
it. The fuselage is scaled down from previous iterations and resembles a nose cone. The reduced
fuselage size allows easier access to the movable mass.
7. The Elevator: The apparatus will feature a movable elevator controlled by a servomotor. This will be
used to modify the trim condition for the apparatus. The servomotor position will be controlled by
the user in real time, allowing for control to be applied to the apparatus. This control will be through
the Arduino microcontroller. The elevator is mounted via a pin running the width of the tail and the
servomotor is mounted inside of the tail airfoil, minimizing its impact on the flow of air around the
airfoil, and will be connected to the elevator via a small rod. The overall elevator chord will be 25
percent of the total tail chord, and will have a range of -18◦ to 23◦ in angle, δe.
Apparatus Operation
This section briefly depicts how to use the adjustable and detachable parts of the apparatus for experimenta-
tion. Should any problems arise consult the complete user manual, Teacher’s Assistant, or the Professor in
charge of the experiment.
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Actuator Extension
Adjusting the extendable boom on the apparatus will change the length between the aerodynamic centers
of the wing and tail, which can have a drastic change on the static margin of the apparatus. Adjusting the
component can be done by entering the desired actuator extension into Arduino interface. If the linear
actuator does not extend, ensure that the apparatus has been hooked up correctly and that the Arduino
program is running properly by testing other components.
Elevator Adjustment
Adjusting the elevator will change the apparatus’ trim condition, altering the angle at which it achieves trim.
The elevator angle can be adjusted by using the Arduino interface to change the δe value. This will cause the
servomotor to move the elevator to the desired angle. Note that this value will be positive when the elevator
is positioned in the downwards direction and negative when it is in the upwards direction. If the servomotor
is unresponsive, test other components to check that the apparatus has been hooked up correctly and that the
Arduino program is running properly.
Utilizing the Movable Mass to Balance
The mass can be adjusted to bring the center of mass of the apparatus back to the pivot point when the
actuator is extended or retracted. This component can be moved by loosening the bolts on the side of the
apparatus’ structure and then proceeding to move the mass until the apparatus is visually balanced around
its pivot point. Do not forget to secure the mass to the structure of the apparatus by re-tightening the bolts
once it has been balanced.
Adjusting Wing Position
The wing position can be adjusted relative to the pivot, which in turn causes the neutral point of the apparatus
to change, directly changing the static margin. The wing is attached to a rail system on the top of the structure
which can be moved by loosening the bolts on the rail. If the bolts are not easily reachable, the entire wing
and wing mount can be disconnected from the structure. Once removed, the bolts can be loosened. Once
the wing moves freely about the rail, adjust it to the desired position and then tighten the bolts to secure the
wing position. If the wing is stuck and cannot easily slide along the rail, do not attempt to force the wing
back. If this occurs, apply force at the base of the rail and not on the wing, as the wing is fragile.
Aerodynamic and Geometric Parameters for the Apparatus
Table (1) provides all of the essential values needed for the apparatus.
1. τ(x): The distance of the TE of the wing-airfoil to the pivot.
2. ζ : The length of the uniform mass-block
3. Φ(x): The distance of the right-most side of the block to the pivot.
4. G: The distance of the gap between the pivot and left-most side of the linear actuator.
5. β(x): The instantaneous stoke length of the extending rod of the linear actuator.
6. Γ: The retracted length of the linear actuator.
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Table 1: Main Aerodynamic and Geometric Parameters for the Apparatus
Parameter Designed Value
Γ 11 in
τ (x) 0-3 in
G 1 in
ζ 4 in
L f 0 in
ma 755.7 g
mt 154.8 g
mg 212.5 g
mblock 1,060.5 g
mcylinder 107.8 g
Wapparatus 26.7 N
hnw 0.25
hnt 0.25
cw 9.5 in
ct 7.75 in
β (x) 0-6 in
Λw 0◦
Λt 0◦
λw 1
ae 0.45
l¯t v 0 in
aw 2pi rad−1
bw 22.75 in
bt 13.36 in
ht 0.2105
hw 0.4342
Sw 0.1394 m2
St 0.0668 m2
ARw 2.3947
ARt 1.7241
0 0
it 0◦
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Control System Design
The apparatus was designed with several components that can be adjusted by the user. Two of these,
specifically the elevator and tail distance, were designed to be adjusted by inputting desired specifications
into a computer program so that they can be adjusted quickly and easily. To design this, the project group
utilized an Arduino Mega which controls a servo motor that adjusts the elevator angle and a linear actuator,
which augments or diminishes the distance between the pivot point and the tail.
Structure of Wiring
The system shown below is the wiring diagram for the entire control system. It consists of five different
major components. An Arduino Mega drives the entire system; however, to drive the linear actuator a motor
drive module is required. The lab designers chose to use an Adafruit DRV8871 motor driver for this, which
also has to take a 12 volt power supply to provide enough power to drive the linear actuator. The linear
actuator itself is a Thomson 12V 6-inch stroke actuator, and the servo motor depicted is a Hitec HS-85BB
Mighty Micro Servo, which is run directly off the Arduino.
Figure 2: Wiring Diagram of System
Figure (2) shows how our system is to be set up. The red lines represent the power cables, the green lines
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represent the signal cables, and the black lines represent the ground cables. The diagram is drawn neglecting
use of a breadboard, however it may be needed as there is only one ground port on the Arduino. Figure (3)
shows a closeup of the fully integrated control systems. Note that in Figure (3) the cables that connect the
servo and linear actuator are much shorter than when it is assembled inside the apparatus. Figure (4) shows
the fully integrated control system. Note that the actuator power and Arduino are not plugged in.
Figure 3: Closeup of Control Systems
Figure 4: Complete Control System Assembled
Setting up the Wiring Structure
This section contains step by step instructions on how to set up the wiring structure of the controllable
systems on the apparatus. The wiring diagram in the previous section can also be used as an aid to these
instructions. Also note that these instructions may utilize a breadboard to organize the wiring for ease of
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use.
Connecting the Components:
1. Unpack all of the components provided to you and ensure that you have everything required to properly
connect everything.
2. Observe the wiring diagram provided. Connect all of the signal cables, ensuring that they go to the
accurate PWM ports. Number 2 goes to the servo motor, number 5 goes to "IN 1" on the motor driver,
and number 7 goes to "IN 2" on the motor driver.
3. Now connect all of the ground wiring. You may need a breadboard here to ensure that both the servo
and motor driver are properly grounded.
4. The last step is to hook up all of the power cables. The servo motor is powered directly through the
Arduino 5 volt line. The linear actuator takes the power from the 12 volt power supply. Make sure that
you do not hook the power of the Arduino up to the motor driver, or this will fry the Arduino and may
damage the computer being used to operate the apparatus. To check this, if the Arduino is plugged in
and the power supply has the light on, however is not plugged in, then the power cables are connected
incorrectly.
Structure of Arduino Code
To use the Arduino Mega for controlling the linear actuator and the servo motor, code had to be written that
operate each component. To control the linear actuator, code had to be written so that the desired length of
the extension could be input by the user. To do this, the simple equation below was used.
Time =
Distance
Velocity
(1)
With Equation (1), the distance component is the length that the actuator is to be extended, and the velocity
is the speed of the actuator at 12 volts of power. The time that is computed is the amount of time that the
actuator has to be extended for to reach the desired extension. The actuator works by setting the power to
either extend or retract by the calculated time above, which corresponds to the desired length.
To control the servo, a command is used that sets the angle of the servo relative to itself between 0 and
180 degrees. The equation that allows the user to input the desired elevator angle was derived from testing
with the apparatus, and curve fitting the corresponding servo angles and elevator angles. Table 2 contains a
sample of the data that was curve fit.
Table 2: Elevator vs. Servo Angle
Elevator Angle: δe Servo Angle
-15◦ 110◦
-8◦ 100◦
-0.5◦ 90◦
7◦ 80◦
14◦ 70◦
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The complete data set that was curve fit can be found in Appendix C. The corresponding equation for
the curve fit is labeled below in Equation (2).
Angle of Servo = (−7.661 ∗ 10−9)δ7e + (2.545 ∗ 10−7)δ6e − (1.088 ∗ 10−6)δ5e − (6.007 ∗ 10−5)δ4e
+(3.153 ∗ 10−4)δ3e − (2.478 ∗ 10−3)δ2e − (1.327)δe + 89.82
(2)
Once all of the equations were derived, the code was adjusted so that a user sets two variables at the beginning
of the code, with their desired specifications. The first variable adjusts the linear actuator length relative
from where it is, and the second variable adjusts the servo angle relative to the desired elevator angle.
Operating the Control Systems
This section contains step by step instructions on how to operate the apparatus’ control systems. For this you
will need a computer with the Arduino programming software on it, as well as the proper cables to connect
your computer to the Arduino Mega.
1. Connect the Arduino Mega to your computer via the USB-B cable provided.
2. Open the Arduino software and open the provided code titled "Stability Apparatus Control Systems"
3. Open "Tools" once again and this time go to "Port" and make sure that the COM programming port is
selected on the Arduino.
4. Once the software is open you will notice that at the beginning of the code are two variables labeled
Length and Elevator Angle. These values can be changed to the desired values of the user. Note that
the length is relative from where it is currently and only has a max stroke length of 6 inches. Also
note that the elevator has a max elevator angle of -18◦ to 23◦, anything larger than these angles have a
chance of destroying structural components of the tail.
5. Once the desired values are input, save the code and then click the right arrow above the code. This
will upload the code to the Arduino and change the apparatus to your desired settings.
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Laboratory
This laboratory will be divided in five separate phases, four of which are mandatory, while the fifth is
considered extra credit work. These phases will now be described below, in a brief sense.
I. The initial phase will consist of the user becoming familiar with balancing the apparatus about its
pivot, with two different cases of specified apparatus configurations. The TA will set the two specified
conditions with the code written by the lab designers.
II. The secondary stage will employ the use of trim stability. The users will be providedwith three specified
wind tunnel free-stream velocities. They will use the theory derived in class to determine what both the
trim angle of attack and the elevator angle must be for the apparatus to trim at the specified conditions.
The user will then test these calculations in the wind tunnel and ensure that their calculations were
correct.
III. The third phase will require the student to analyze and justify the aerodynamic assumptions employed
in the design of the apparatus. The user will be provided with all of the parameters needed. The student
will also explain errors between the trim angles calculated, and those that resulted from testing in the
wind tunnel.
IV. The fourth stagewill require the student towrite their ownArduino code. This codewill have to be tested
by the instructor or TA, as to make sure the servomotor’s constraints are not exceeded. Information of
the specs for both the actuator and servo will be provided. More will be discussed in the individual
section for this portion of the lab.
V. The equations of lecture have assumed that the CG lies on the wing-chord line. The final stage, which
is not mandatory, requires the student to rederive the equations of longitudinal stability for when the
horizontal tail is mounted significantly higher than the CG. This portion will not require any use of the
apparatus.
We will now describe each phase more thoroughly.
Phase I: Balancing the CG at the pivot
1. The TA will provide two different cases for the configuration of the apparatus. Each case will have a
specified value of τ and β. The student is expected find the required value of Φ needed to balance the
apparatus at the pivot point.
2. The student will not have to deal with or write the Arduino code needed to adjust the values of τ and
β. The TA will use a master code to set these values.
3. Record the values of the different cases, and the required value of Φ that was needed for each case.
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Phase II: Determining and Testing the Trim Angles
1. Choose one of the two configurations utilized in Phase I.
2. Using the equations derived in lecture, calculate the required trim angles for wind tunnel free-stream
velocities V = 35, 40, and 45 ft/s. The equations must be modified to incorporate the geometries of
the laboratory apparatus. The parameters that will need to explicitly calculated are:
i. The Mach number M: The assumed conditions are sea-level, and room temperature.
ii. The lift-curve slope of the tail at : This will need to be determined for each of the three free-stream
velocities.
iii. The downwash derivative ∂∂α : This parameter will need to be calculatedwith respect to the specific
case of the apparatus, and for each of the three free-stream velocities.
iv. The distance between the pivot and the tail’s aerodynamic center lt : This equation will need to be
directly derived for the specified case of the apparatus.
v. The distance between the wing’s and the tail’s aerodynamic centers l¯t : This equation will need to
be directly derived for the specified case of the apparatus.
vi. Cmacw : This parameter will need to be approximated with the use of XFLR5. The student will
need to calculate three values, for each free stream velocity. Find the Reynold’s number for each
case, and then run the simulation for a NACA 2412 airfoil. Average the linear region of the
quarter-chord moment plot versus angle of attack. Use that value for each case. This process will
need to be explained in Phase III.
3. The TAwill adjust the elevator angle to the those calculated, for each of the three free-stream velocities.
4. The student will adjust the angle attack of the apparatus to those calculated as well. This will be a
crude adjustment. Calculations are successful if the apparatus tends to some equilibrium.
5. Record the calculated trim angles for each of the three cases of free-stream velocity.
Phase III: Analysis of the Aerodynamic Assumptions
1. Explain the significance and advantages of having the wing of the apparatus flushed with the wind
tunnel’s walls.
2. Discuss the outcomes of the method for obtaining Cmacw .
3. Discuss how varying τ and β affect the downwash derivative.
4. Discuss the significance and influence of how β and τ affect Static Margin.
5. Explain why the numerically calculated trim angles will not exactly match from those obtained in the
wind tunnel tests.
6. Explainwhymoment terms involving vertical offset from the center of gravitywere able to be neglected,
reference Equation (A.4).
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Phase IV: Writing the Arduino Code
1. Write your own Arduino Code, in order to bring the actuator and elevator to the specified cases in
Phase I.
2. The code will need to be checked by the TA or the instructor to prevent over-extension of the tail’s
elevator.
3. The lab will provide the necessary data in Appendix B.
i. The curve fit of the servo angle to the elevator angle, which was provided in Control System
Design
ii. The linear actuator specs
iii. The servo specs
4. After getting the code checked, run it and comment on your results.
Phase V: Extra Credit
This phase requires the student to rederive the equations presented in Appendix A, for the case of the tail
mounted at a distance significantly higher than the CG. These equations were not derived for the specific
case of the apparatus, rather they were applied to the apparatus. In these equations the CG is assumed to lie
on the wing chord line.
1. An in-depth commentary of this derivation is required, as well as an explanation for each assumption
employed.
2. The end result is to derive an expression for the trim angles.
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Report Guidelines
Your laboratory report should adhere to the following guidelines.
Introduction
A neat and concise one page description of the conducted experiment.
Methods
A short explanation of the methods used during the experiment. Make sure to include and describe pictures
of the apparatus, wind tunnel, and the test section. Include descriptions of the equations used to determine
and calculate aspects of longitudinal stability.
Results
For any required explanation, a thorough commentary must be provided, supported with mathematical
reasoning. Present all required findings listed in the completed Phases of the lab.
Discussion and Conclusions
Describe and discuss any discrepancies that may have occurred between experimental and theoretical results
gathered from conducting the laboratory. Also discuss possible improvements in the apparatus, backed up
with logical explanation. Briefly summarize the main conclusions of the laboratory.
Appendix
Include the Arduino code that was written for Phase IV of the laboratory. Also include any other code written
in MATLAB (with comments) or Excel that was used for calculations.
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Appendix A - The Longitudinal Stability Equations
The analysis in this paper is taken from [1], which we present and further elaborate on for the convenience
of the reader. We will study the relationship required between the center of gravity and the neutral point, the
derivation of the total moment and lift for the fixed-wing aircraft, the trim condition, and trim control by use
of an elevator. The analysis will begin with the derivation of the neutral point.
The Neutral Point
The neutral point is the location where the aircraft’s total moment is invariant with a change of angle of attack.
The static margin is related to the neutral point, such that it determines if the air vehicle is statically stable
or unstable. If an external moment acts on the aircraft, it is desired for the aircraft to return to equilibrium
(its original orientation), which relates to a positive static margin. A negative static margin would cause the
aircraft’s static stability to diverge. We will also show that the neutral points is required to be ahead of the
center of gravity.
With that said, the mathematical derivation of both the neutral point and static margin will begin with a focus
on a wing. Listed below are the parameters and variables that will be utilized.
1. Lift of the wing: Lw
2. Drag of the wing: Dw
3. Moment about the wing’s aerodynamic center: Macw
4. Angle of attack of the wing (angle between the wing’s chord and the relative wind): αw
5. Surface area of the wing: Sw
6. Relative Wind: V
7. Ratio of the horizontal location of CG along the wing’s chord: h
8. Ratio of the horizontal location of the aerodynamic center of the wing along the wing’s chord: hnw
9. The wing’s mean chord: c¯
10. Center of gravity of the wing: CG
11. The ratio of the vertical location of the CG to the the chord of the wing: z
Now we will do a moment balance of the wing with respect to the CG. A moment which causes the aircraft
to encounter a pitch upwards is considered positive (thumb into the paper).
M = Macw + (Lw cosαw + Dw sinαw)
(
h − hnw
)
c¯ + (Lw sinαw − Dw cosαw) zc¯ (A.1)
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Figure A.1: Wing Analysis [1]
The third term in the equation can often be neglected. We will not neglect it until the end of our development
for M . Theory also shows that Dw sinαw is small as compared to Lw cosαw . Again, we will not neglect it
until we finalize M in our analysis.
An important aspect of aerodynamics is the non-dimensionalization of the parameters and variables. The
process of non-dimensionalization is illustrated below. Also, the small angle approximation will be utilized.
We will non-dimensionalize lift, drag, and the total moment about the CG:
CL =
L
1
2 ρV
2Sw
CD =
D
1
2 ρV
2Sw
Cm =
M
1
2 ρV
2Sw c¯
Where 12 ρV
2 is known as the dynamic pressure Q∞.
Divide (A.1) throughout by 12 ρV
2:
Cm = Cmacw +
(
CLw + CDwαw
) (
h − hnw
)
+
(
CLwαw − CDw
)
z (A.2)
Now we will apply the assumptions we stated earlier:
Cm = Cmacw + CLw
(
h − hnw
)
(A.3)
It must be stated that the wing and body of an aircraft cause interaction phenomena which cannot be analyzed
by a simple superposition. The overall result of the two results in a forward shift of the mean aerodynamic
center of the overall apparatus, an increase in the total lift-curve slope, and a negative loss in Cmac of the
system [1]. With that said, we will now use the subscript (wb) to show that we are dealing with a wing-body,
instead of just a wing.
Now we need to incorporate the tail of the aircraft. The combination of a wing and tail cause interaction
phenomena. In our analysis we will assume that the magnitude of the velocity that the tail sees is equivalent
to that the wing sees. Let it be known that this assumption is not true in the general sense. Further, the
interaction of the wing and the tail causesV to be deflected downward by down-wash angle  . The convention
for the angle of the tail of the aircraft is such that counterclockwise is positive. Therefore, the angle shown
in Figure (A.2) must be negative. Further, we are dealing with a wing-body and a tail.
Before we begin the analysis of the wing-tail system, we will state the new parameters and variables.
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1. Lift of the tail: Lt
2. Drag of the tail: Dt
3. Moment about the tail’s aerodynamic center: Mact
4. The angle between the down washed velocity and the chord of the tail: αt
5. Surface Area of the tail: St
6. Incidence Angle: it
7. Down-wash angle: 
8. Horizontal distance between the CG and the tail’s aerodynamic center: lt
9. Horizontal distance between the wing’s aerodynamic center and the tail’s aerodynamic center: l¯t
10. Vertical distance of the tail’s aerodynamic center to the CG: zt
Due to down-wash induced by wing tip vortices, the relative wind seen by the horizontal tail is not the same
as that seen by the wing. The contribution of the lift and drag is:
Lt cos  − Dt sin 
Practice has showed thatDt sin  is small as compared to Lt cos  . With that said, wewill assumeDt sin  = 0.
CLt =
Lt
Q∞St
Due to our assumption that the magnitude of V does not change, it makes sense that Q∞ is still utilized.
Figure A.2: Wing & Tail Analysis [1]
Now let’s analyze the pitching moment of the tail about the CG:
Mt = − [Lt cos (αt − ) + Dt sin (αt − )] lt + [Lt sin (αt − ) − Dt cos (αt − )] zt (A.4)
Notice that lt is the horizontal distance of the CG to the aerodynamic center of the tail. Now apply the small
angle approximation:
Mt = − [Lt + Dt (αt − )] lt + [Lt (αt − ) − Dt ] zt (A.5)
We will assume that only the first term will stay, all other terms are negligible:
Mt = −Lt lt
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Now let’s non-dimensionalize Mt :
Cmt =
−Lt lt
Q∞Sc¯
Lt = CLtQ∞St
Cmt =
−CLtQ∞St lt
Q∞Sc¯
Cmt = −
St l¯t
Sc¯
lt
l¯l
CLt (A.6)
The term
St l¯t
Sc¯
is known as the volumetric horizontal-tail ratio V¯H . This parameter depends solely on the
distance between the aerodynamic centers of the tail and the wing (l¯l).
Figure A.3: The Distance Between Both Aerodynamic Centers of the Wing and Tail: l¯t [1]
V¯H =
l¯tSt
Sc¯
(A.7)
Plug Equation (A.7) into Equation (A.6):
Cmt = −V¯H
lt
l¯l
CLt
Notice:
lt = l¯t −
(
h − hnwb
)
c¯
Expand:
Cmt = −V¯H
l¯t −
(
h − hnwb
)
c¯
l¯l
CLt
Therefore:
Cmt = −
[
V¯H − StS
(
h − hnwb
) ]
CLt (A.8)
Now we can combine Cmt and Cmwb to get the total Cm. Add Equations (A.3) and (A.8). Remember that
we are using a wing-body, instead of a wing alone.
Cm = −
[
V¯H − StS
(
h − hnwb
) ]
CLt + Cmacwb + CLwb
(
h − hnwb
)
Simplify:
Cm = −V¯HCLt +
(
St
S
CLt + CLwb
) (
h − hnwb
)
+ Cmacwb (A.9)
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Now we will define the total lift of the vehicle. We will not use it until later though.
CL =
(
St
S
CLt + CLwb
)
(A.10)
It is now desired to calculate ∂Cm∂α :
∂Cm
∂α
= −V¯H ∂CLt
∂α
+
(
St
S
∂CLt
∂α
+
∂CLwb
∂α
) (
h − hnwb
)
+
∂Cmacwb
∂α
(A.11)
We will assume that
∂Cmacwb
∂α = 0, by definition of the aerodynamic center. We cannot evaluate this
expression without making an assumption on how CLt and CLwb vary with α. Notice that α is the angle of
V with respect to the wing’s chord (αwb). We will also need to define αt in terms of αwb.
We will assume that lift depends linearly on angle of attack:
CL = αa
a =
∂CL
∂α
Therefore:
CLt = αtat (A.12)
CLwb = αwbawb (A.13)
Referencing the tail diagram again, we notice the following relationship for αt :
αt = αwb + it −  (A.14)
Therefore:
CLt = at (αwb + it − ) (A.15)
Now take the partial derivative of Equations (A.15) and (A.13) with respect to α (αwb):
∂CLt
∂α
= CLtα = at
(
1 − ∂
∂α
)
∂CLwb
∂α
= CLwbα = awb
Therefore, Equation (A.11) can be rewritten as:
Cmα = −V¯HCLtα +
(
St
S
CLtα + CLwbα
) (
h − hnwb
)
(A.16)
An important condition for analyzing trim is the when Cmα = 0:
0 = −V¯HCLtα +
(
St
S
CLtα + CLwbα
) (
h − hnwb
)
h¯n =
V¯HCLtα(
St
S CLtα + CLwbα
) + hnwb
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Where h¯n is the neutral point of the entire vehicle. It is the value of h that causes Cmα to be equal to zero.
Let’s substitute in CLtα = at
(
1 − ∂∂α
)
and CLwbα = awb:
h¯n =
V¯Hat
(
1 − ∂∂α
)(
St
S at
(
1 − ∂∂α
)
+ awb
) + hnwb
Now let’s define a new parameter:
a =
[
St
S
at
(
1 − ∂
∂α
)
+ awb
]
(A.17)
Therefore:
h¯n =
at
a
V¯H
(
1 − ∂
∂α
)
+ hnwb (A.18)
Let’s rewrite Equation (A.16) in terms of our new parameters:
Cmα = −V¯Hat
(
1 − ∂
∂α
)
+ a
(
h − hnwb
)
(A.19)
Finally, let us solve Equations (A.18) for hnwb and substitute it into Equation (A.19).
hnwb = h¯n −
at
a
V¯H
(
1 − ∂
∂α
)
Cmα = −V¯Hat
(
1 − ∂
∂α
)
+ a
(
h − h¯n − ata V¯H
(
1 − ∂
∂α
))
= a
(
h − h¯n
)
Cmα = CLα
(
h − h¯n
)
(A.20)
We then define the static margin K:
K = (h¯n − h)
Notice that K needs to be positive to satisfy positive pitch stiffness. This will always be possible when the
CG is forward of the neutral point.
Total Lift and Moment
Now we must derive expressions for the aircraft’s total moment and lift, in order to study trim and elevator
control. Before we embark on determining these expressions, we must determine how to approximate  .
We will assume the following [1]:
 = 0 +
∂
∂α
αwb (A.21)
Where 0 is the zero-lift down-wash angle. This quantity will be discussed more later on.
Plug this result into Equation (A.15):
CLt = at
[
it − 0 +
(
1 − ∂
∂α
)
αwb
]
(A.22)
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Now we substitute Equations (A.12) and (A.13) into Equation (A.10).
CL = αtat
St
S
+ αwbawb
Substitute (A.14):
CL = at
[
it − 0 +
(
1 − ∂
∂α
)
αwb
]
St
S
+ αwbawb
Simplify:
CL = awbαwb
[
1 +
atSt
awbS
(
1 − ∂
∂α
)]
+ at
St
S
(it − 0)
Invoke the relation we found for a:
CL = αwba + CL0 (A.23)
Where:
CL0 = at
St
S
(it − 0) (A.24)
Now let’s calculate the total moment for the vehicle. Recall Equation (A.9):
Cm = −V¯HCLt +
(
St
S
CLt + CLwb
) (
h − hnwb
)
+ Cmacwb
Recall Equations (A.13), (A.15), and our relation for a:
CLt = at
[
it − 0 +
(
1 − ∂
∂α
)
αwb
]
CLwb = αwbawb
a =
[
St
S
at
(
1 − ∂
∂α
)
+ awb
]
Substitute Equations (A.13) and (A.15) into Equation (A.9):
Cm = −V¯Hat
[
it − 0 +
(
1 − ∂
∂α
)
αwb
]
+
(
St
S
at
[
it − 0 +
(
1 − ∂
∂α
)
αwb
]
+ αwbawb
) (
h − hnwb
)
+Cmacwb
Let’s focus on the second term:(
St
S
at (it − 0) + StS at
(
1 − ∂
∂α
)
αwb + αwbawb
) (
h − hnwb
)
Notice:
aαwb =
St
S
at
(
1 − ∂
∂α
)
αwb + αwbawb
Therefore: (
St
S
at (it − 0) + aαwb
) (
h − hnwb
)
Therefore:
Cm = −V¯Hat
[
it − 0 +
(
1 − ∂
∂α
)
αwb
]
+
(
St
S
at (it − 0) + aαwb
) (
h − hnwb
)
+ Cmacwb
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Recall Equation (A.19):
Cmα = −V¯Hat
(
1 − ∂
∂α
)
+ a
(
h − hnwb
)
Therefore:
Cm = −V¯Hat (it − 0) + StS at (it − 0)
(
h − hnwb
)
+ Cmacwb + Cmααwb
Simplify:
Cm = at
(
−V¯H + StS
(
h − hnwb
) ) (it − 0) + Cmacwb + Cmααwb
Recall the relation for lt :
lt = l¯t −
(
h − hnwb
)
c¯
Therefore:
Cm = −atV¯H lt
l¯t
(it − 0) + Cmacwb + Cmααwb
Finally
Cm = Cm0 + Cmααwb (A.25)
Where:
Cm0 = −atV¯H
lt
l¯t
(it − 0) + Cmacwb (A.26)
The Elevator
Up until now, our analysis did not involve an elevator on the tail. Let us think about how flight would occur
without one. With our current analysis, the vehicle can trim at a single angle of attack; hence, the aircraft
can only achieve stable flight at one velocity. If the angle of attack is increased then the velocity decreases;
but, the vehicle will encounter a nose-down moment. That means we can only fly at one velocity. Now, this
is where the elevator comes into play, it provides a variable pitching moment. Further, the application of the
elevator can be summarized as follows:
1. Change of the trim condition.
2. Change in speed or pitching motion.
CLe = CLδ δe
Cme = Cmδ δe
Where:
CLδ =
∂CL
∂δ
Cmδ =
∂Cm
∂δ
Now superimpose with Equations (A.23) and (A.25):
CL = αwba + CL0 + CLδ δe (A.27)
Cm = Cm0 + Cmααwb + Cmδ δe (A.28)
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The sign convention we will use for the tail is a positive counterclockwise motion. Inspection of Equations
(A.27) and (A.28) shows that the slopes of these equations will not change. The line though will be shifted
vertically. Thus, the moment curve will have a change in trim angle. Also, the zero-lift angle of attack will
be altered as well. Recall Equation (A.10):
CL =
(
St
S
CLt + CLwb
)
Take the partial with respect to δ:
∂CL
∂δ
=
St
S
CLtδ + CLwbδ (A.29)
CLwbδ is assumed to be very small. Further, we define CLtδ as the elevator lift efficiency ae.
Recall Equation (A.9) and apply Equation (A.10) to it:
Cm = −V¯HCLt + CL
(
h − hnwb
)
+ Cmacwb
Take the partial with respect to δ:
∂Cm
∂δ
= −V¯HCLt δ + CLδ
(
h − hnwb
)
+ Cacwbδ
We will assume that a true aerodynamic center exists for the wing-body; hence, Cacwbδ = 0. Therefore:
∂Cm
∂δ
= −V¯Hae + CLδ
(
h − hnwb
)
(A.30)
Trim Control
Now we will study how the trim condition can be varied by altering the angle of the elevator. For trim we
need to have Cm = 0; the value of δ that solves this is δetrim . Rewrite Equations (A.27) and (A.28), applied
to trim:
CLtrim = αtrima + CL0 + CLδδetrim (A.31)
− Cm0 = Cmααtrim + Cmδ δetrim (A.32)
Write Equations (A.31) and (A.32) in matrix-algebra form.
a CLδ
Cmα Cmδ


αtrim
δetrim
 =

CLtrim − CL0
−Cm0

Solve for the column vector on the LHS.
αtrim
δetrim
 =
1(
aCmδ − CmαCLδ
) 
Cmδ −CLδ
−Cmα a


CLtrim − CL0
−Cm0

Simplify: 
αtrim
δetrim
 =
1(
aCmδ − CmαCLδ
) 
Cmδ
(
CLtrim − CL0
)
+ Cm0CLδ
− ( (CLtrim − CL0 ) Cmα + aCm0 )
 (A.33)
This concludes our mathematical development.
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Appendix B - The Linear Actuator and Servo Specs
The specs for the linear actuator and servo are provided below, respectively.
Figure B.1: Linear Actuator Specs
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Figure B.2: Servomotor Specs
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Appendix C - Elevator vs Servo Angle Data
Table C.1: Elevator vs. Servo Angle
Elevator Angle: δe Servo Angle
-18◦ 120◦
-17◦ 116◦
-16◦ 113◦
-15◦ 110◦
-13◦ 106◦
-10.5◦ 103◦
-8◦ 100◦
-4.5◦ 96◦
-2◦ 93◦
-0.5◦ 90◦
2◦ 86◦
6.5◦ 83◦
7◦ 80◦
10.5◦ 76◦
11◦ 73◦
14◦ 70◦
16◦ 66◦
18◦ 63◦
19.5◦ 60◦
21◦ 56◦
21.5◦ 53◦
23◦ 50◦
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Appendix B - MATLAB® Code Used for
Apparatus Design
This Appendix contains the MATLAB® code that was utilized for the design of the fixed-wing wind tunnel appara-
tus.
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MQP 1702 MATlab Script
% Developed by:             MQP Team 1702 
% Last Modified:            March 22th, 2017 
% Set the Workspace 
clear all; clc; close all; close all; format shortG 
Define the Parameters
% Wind tunnel free-stream velocity 
V =32; % m/s 
% Wind tunnel frequency 
H = 62.5*V/55; % Hz 
%---------------------L EN G T H S ( I N C H E S )------------------------- 
% Length of the servo of the linear actuator 
gamma_inches = 11; % inches 
% Length of the pivot to the TE of the wing-airfoil 
tau_inches = 0:1:3; % inches 
% Length of gap between the pivot and left-most side of the servo 
Servo_Pivot_Gap_inches = 1; % inches 
% Length of the movable mass 
zeta_inches = 4; % inches 
% Length of the fuselage 
Length_fuselage_inches = 0; % inches 
% Distance of the pivot to the CG of the fuselage 
L_fuselage_inches = 0; % inches 
%------------------------M A S S E S  ( G R A M S )------------------------ 
% Mass of the rod for the linear actuator 
% Mass of the servo for the linear actuator 
m_linact_g = 775.7; % grams 
% Mass of the tail 
m_tail_g = 154.8; % grams 
% Mass of the fuselage 
m_fuselage_g = 309; % grams 
% Mass of the airfoil 
m_airfoil_g = 212.5; % grams 
% Mass of the cylinder 
m_cylinder_g = 107.8; 
% Mass of the block 
m_block_g = 1160.5; % g 
% m_new1_g=106.3; 
% m_new2_g=104.9; 
% m_new3_g=109.8; 
% m_new4_g=100.8; 
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% m_new_g = m_new1_g+m_new2_g+m_new3_g+m_new4_g; 
Weight = 9.81*(m_linact_g + m_tail_g + m_fuselage_g + m_airfoil_g+m_block_g ... 
    + m_cylinder_g)/1000; 
%------------------------N E U T R A L   P O I N T S-------------------------- 
% Ratio of the tail's AC to its chord 
h_n_t = 0.25; 
% Ratio of the wings's AC to its chord 
h_n_w = 0.25; 
%-------------------------------C H O R D S-------------------------------- 
% Chord of the wing 
c_w_inches = 9.5; % inches 
% Chord of the tail 
c_t_inches = 7.75; % inches 
%-------G E O M E T R I E S  F O R  T H E  W I N G  A N D  T A I L--------- 
% Span of the wing 
% b_wing_inches = 24; % inches 
b_wing_inches = 22.75; % inches 
% CG LOCATIONS: 
% Ratio of the tail's CG to its chord 
h_t = 2/c_w_inches; 
% Ratio of the wing's CG to its chord 
% h_w = 4.125/c_w_inches; 
h_w = 4.125/c_w_inches; 
a_e = .45;
%------------------------Convert to Metric--------------------------------- 
% Convert to meters 
gamma = gamma_inches*0.0254; % meters 
tau = tau_inches*0.0254; % meters 
G = Servo_Pivot_Gap_inches*0.0254; % meters 
zeta = zeta_inches*0.0254; % meters 
L_fuselage = L_fuselage_inches*0.0254; % meters 
b_wing = b_wing_inches*0.0254; % meters 
c_w = c_w_inches*0.0254; % meter 
c_t = c_t_inches*0.0254; % meter 
% Area of the wing 
S_w = b_wing * c_w; % square-meters 
% Convert to kg 
m_linact = m_linact_g/1000; % kg; 
m_tail = m_tail_g/1000; % kg 
m_fuselage = m_fuselage_g/1000; % kg 
m_airfoil = m_airfoil_g/1000; % kg 
m_block = m_block_g/1000; % kg; 
m_cylinder = m_cylinder_g/1000; 
%---------Constraints for the Linear Actuator------------------------------ 
% Create an array of the different possible values of length for the actuator 
Beta_0 = (0:0.01:6) * 0.0254; % m 
Calculating a_w (Thin Airfoil Theory)
%%---------Wind Tunnel Parameters------------------------------------------ 
% Gamma 
gamma_ = 1.4; 
77
% Gas constant 
R = 8314.3/28.97; 
% Room temperature 
T_sl = 288.15; % K 
rho = 1.225; 
mu = 0.0000181206; 
% Freestream flow in the wind tunnel 
% V =20; % m/s 
Re = (rho*V*c_w)/mu; 
% Speed of sound 
a = sqrt(gamma_*R*T_sl); 
% Mach number 
Mach = V/a; 
%%---------Parameters for the Wing----------------------------------------- 
% Sweep angle 
SWEEP_w = 0; 
% Aspect ratio 
AR_w = b_wing^2/(S_w); 
%%---------Lift Curve Slope of the Wing------------------------------------ 
a_w = 2 * pi; 
Calculating depsilon_dalpha
% Taper for the wing 
lambda_w = 1; 
% Define l_bar_tv 
l_bar_tv = 0; 
for i = 1:1:length(tau) 
    % Define tau 
    tauu = tau(i); 
    for j = 1:1:length(Beta_0) 
        % Define Beta in the for loop 
        Beta = Beta_0(j); 
        % Define l_bar_t 
        l_bar_t = (c_w-c_w*h_n_w) + tauu + G + gamma +Beta+c_t*h_n_t; 
        % Define dedalpha 
        dedalpha = 4.44 * sqrt(1-Mach^2) *  ( ( (AR_w)^(-1) - (1 + (AR_w)^(1.7))^(-1) ) * ( (10-3*lambda_w)/7 ) *... 
            ( (1-l_bar_tv/b_wing)/(2*l_bar_t/b_wing)^(.33))*sqrt(cos(SWEEP_w)))^(1.19); 
        % Store 
        deda(j) = dedalpha; 
    end 
    % Store 
    deda_total(:,i) = deda'; 
    % Calculate the average 
    depsilondalpha(i) = sum(deda)/length(deda); 
end 
% % Plot depsilondalpha 
% figure 
% % Plot using a for loop 
78
% for k = 1:1:length(tau) 
% 
%     plot(Beta_0/0.0254,deda_total(:,k)) 
% 
%     hold on; 
%     grid on; 
% 
%     xlabel('Length of the actuator (in)','Interpreter','latex') 
%     ylabel('Downwash Derivative','Interpreter','latex') 
% 
% end
% legend('$\tau = 0$ in','$\tau = 1$ in','$\tau =  2$ in','$\tau = 3$ in') 
% set(legend,'Interpreter','latex') 
% set(gca,'FontSize',16) 
% print('deda_final','-dpng','-r600') 
Static Margin, Volumetic Tail Ratio, and Trim Angles
% Wing taper 
SWEEP_t = 0; 
% Span of the tail 
b_t = 13.362*0.0254; 
% Area of the tail 
S_t = b_t * c_t; 
for l = 1:1:length(tau); 
    % Define tau 
    tauu = tau(l); 
    % Define dedalpha 
    depsilondalphaa=depsilondalpha(l); 
    % Define beta 
    Beta = Beta_0; 
    % Define the area for the tail 
    S_t = b_t * c_t; 
    % Define the aspect ratio for the tail 
    AR_t = b_t / c_t; 
    k_t = 1 + AR_t*(1.87-(2.33E-4)*SWEEP_t)/100; 
    % Define the wing curve slope for the tail 
    a_t = (2*pi*AR_t)/ sqrt( 4+ (AR_t)^2*(1-Mach^2)*(1+(tan(SWEEP_t))^2/(1-Mach^2))/k_t^2+4); 
    % Define l_t_bar 
    l_t_bar= (c_w-c_w*h_n_w) + tauu + G + gamma +Beta+c_t*h_n_t; 
    % Define the total lift curve slope 
    a = (S_t/S_w) * a_t * (1-depsilondalphaa) + a_w; 
    % Define our function to be solved for (4.4): 
    neutral_point =  (a_t/a) * ((S_t*l_t_bar) / (S_w*c_w)) * (1-depsilondalphaa) + h_n_w; 
    C_mac_ac_wb= -0.103290778341794; 
    % Define the volumetric horizontal-tail ratio for each value of 
    V_bar_H_num = (S_t*l_t_bar)/(S_w*c_w); 
    for zw = 1:1:length(Beta) 
        V_bar_H_num_ = V_bar_H_num(1,zw); 
        neutral_point_ = neutral_point(1,zw); 
        C_M_0 = C_mac_ac_wb; 
        C_L_trim = Weight / (0.5*rho*V^2*S_w); 
        C_L_0 = 0; 
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        C_L_delta = a_e * (S_t/S_w); 
        C_M_delta = -V_bar_H_num_ * a_e + C_L_delta * (0 - h_n_w); 
        C_M_alpha = a*(0-neutral_point_); 
        ZAC = ((1)/(a*C_M_delta-C_M_alpha*C_L_delta))*[C_M_delta' -C_L_delta'; C_M_alpha' C_M_delta']*[C_L_trim-C_L_0;-C_M_0];
        ZAC_(zw,1:2) = ZAC; 
    end 
    % Store 
    neutral(:,l) = neutral_point'; 
    ZAC__(:,2*l-1:2*l) = ZAC_; 
    V_bar_H_numer(:,l) = V_bar_H_num'; 
    % Store 
    a_tt(l) = a_t; 
end 
% % Plot Trim AOA 
% figure 
% for mm = 1:1:length(tau) 
% plot(Beta/0.0254,ZAC__(:,2*mm-1)*180/pi) 
% hold on 
% end
% legend('$\tau = 0$ in','$\tau = 1$ in','$\tau =  2$ in','$\tau = 3$ in') 
% xlabel('$\beta$ (inches)','Interpreter','latex') 
% ylabel('Angle of Attack $\alpha_w$ (deg)','Interpreter','latex') 
% set(legend,'Interpreter','latex') 
% grid on;
% set(gca,'FontSize',16) 
% print('AOA_final','-dpng','-r600') 
% % Plot Trim delta_e 
% figure 
% for nn = 1:1:length(tau) 
% plot(Beta/0.0254,ZAC__(:,2*nn)*180/pi) 
% hold on 
% end
% legend('$\tau = 0$ in','$\tau = 1$ in','$\tau =  2$ in','$\tau = 3$ in') 
% xlabel('$\beta$ (inches)','Interpreter','latex') 
% ylabel('Elevator Angle $\delta_e$ (deg)','Interpreter','latex') 
% set(legend,'Interpreter','latex') 
% grid on;
% set(gca,'FontSize',16) 
% print('delta_e_final','-dpng','-r600') 
% % Plot V_h_bar 
% figure 
% % Plot using a for loop 
% for n = 1:1:length(tau) 
% 
%     plot(Beta_0/0.0254,V_bar_H_numer(:,n)) 
%     hold on; 
%     grid on; 
%     xlabel('Length of the actuator (in)','Interpreter','latex') 
%     ylabel('Volumetric Horizontal Tail Ratio','Interpreter','latex') 
% end
% legend('$\tau = 0$ in','$\tau = 1$ in','$\tau =  2$ in','$\tau = 3$ in') 
% set(legend,'Interpreter','latex') 
% grid on;
% set(gca,'FontSize',16) 
% % print('V_H_bar_final','-dpng','-r600') 
% % Generate a new figure 
% figure 
% % Plot Static Margin 
% for m = 1:1:length(tau) 
%     plot(Beta_0/0.0254,neutral(:,m)) 
%     hold on; 
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%     xlabel('Length of the actuator (in)','Interpreter','latex') 
%     ylabel('Static Margin','Interpreter','latex') 
% end
% legend('$\tau = 0$ in','$\tau = 1$ in','$\tau =  2$ in','$\tau = 3$ in') 
% set(legend,'Interpreter','latex') 
% grid on;
% set(gca,'FontSize',16) 
% print('SM_final','-dpng','-r600') 
Distance the Mass Needs to be from the Pivot (PHI)
for ii = 1:1:length(tau) 
    % Define tau 
    tauu = tau(ii); 
    for i =1:1:length(Beta_0) 
        Beta = Beta_0(i); 
        linact_approx = (4.75-4.24)/(6); 
        V_curly_inches = linact_approx*(Beta/0.0254)+4.24; 
        L_linact_inches1 = Servo_Pivot_Gap_inches + V_curly_inches; 
        L_linact1 = L_linact_inches1 * 0.0254; 
%         NEWCYLINDERS = (9-1.5)*0.0254 * 100.8/1000 + (9-1.625)*0.0254*109.8/1000 + ... 
%             (9-1.5)*0.0254*104.8/1000 + (9-1.5)*0.0254*106.3/1000; 
        CYLINDER = (9.5)*0.0254*107.8/1000; 
%         307.8 
        Phi = + ( - m_block*(zeta/2) + m_linact*L_linact1 + m_tail*(G+gamma+Beta+ c_t*h_t) ... 
            - m_airfoil*(c_w-c_w*h_w+tauu) +L_fuselage*m_fuselage+CYLINDER)/(m_block); 
        PHi(i,:) = Phi; % meters 
    end 
    PHI_(:,ii)=PHi; 
end 
% % Plot Phi 
% figure 
% for cool = 1:1:length(tau) 
% plot(Beta_0'/0.0254,PHI_(:,cool)/0.0254) 
% hold on;
% end
% grid on;
% xlabel('$\beta$ (in)','Interpreter','latex') 
% ylabel('$\Phi$ (in)','Interpreter','latex') 
% legend('$\tau = 0$ in','$\tau =  1$ in','$\tau = 2$ in',... 
%     '$\tau =  3$ in') 
% set(legend,'Interpreter','latex') 
% grid on;
% set(gca,'FontSize',16) 
% % hold on; 
% % plot(Beta_0/0.0254,ones(length(PHI_),1)*5.125,'r--','LineWidth',3) 
% % hold on; 
% % plot(Beta_0/0.0254,ones(length(PHI_),1)*2.5,'b--','LineWidth',3) 
% print('CG_final_re','-dpng','-r600') 
Published with MATLAB® R2017a
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Appendix C - Arduino Code for the Linear
Actuator and Elevator Servo
This appendix contains the Arduino code for both the linear actuator and the elevator servo.
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#include <Servo.h> 
 
Servo elevatorservo; 
 
int Length = 0; // Extends or detracts actuator by this length in inches 
int Elevatorangle = 10; //Elevator angle in degrees 
float T; 
float servoangle; 
 
void setup()  
{ 
  elevatorservo.attach(2); //Servo attached to pin 2 on arduino 
  servoangle =   {(-.000000007661)*Elevatorangle*Elevatorangle*Elevatorangle*Elevatorangle* 
 Elevatorangle*Elevatorangle*Elevatorangle + 
(0.0000002545)*Elevatorangle*Elevatorangle*Elevatorangle*Elevatorangle 
*Elevatorangle*Elevatorangle - 
(.000001088)*Elevatorangle*Elevatorangle*Elevatorangle*Elevatorangle*Elevatorangle  
       - (.00006007)*Elevatorangle*Elevatorangle*Elevatorangle*Elevatorangle  
 + (0.0003153)*Elevatorangle*Elevatorangle*Elevatorangle - 
(.002478)*Elevatorangle*Elevatorangle - (1.327)*Elevatorangle 
      + 89.82; //Servoangle with respect to the desired elevator angle 
    } 
  pinMode(5, OUTPUT); //Set pin to output 
  pinMode(7, OUTPUT); //Set pin to output 
  T = abs(Length/2.1); //Time for actuator movement 
  if (Length > 0) { //If statement that either extends OR retracts actuator length 
    digitalWrite(7, LOW); 
    digitalWrite(5, HIGH); 
    delay(T*600); 
    digitalWrite(5, LOW); //Extends the linear actuator by the specified amount 
  }else { 
    digitalWrite(5, LOW); 
    digitalWrite(7, HIGH); 
    delay(T*600); 
    digitalWrite(7, LOW); //Retracts the linear actuator by the specified amount 
  } 
} 
 
void loop()  
{ 
  elevatorservo.write(servoangle); //Moves servo to this angle relative to the servo 
} 
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Appendix D - Elevator vs Servo Angle Data
Table D.1: Elevator vs. Servo Angle
Elevator Angle: δe Servo Angle
-18◦ 120◦
-17◦ 116◦
-16◦ 113◦
-15◦ 110◦
-13◦ 106◦
-10.5◦ 103◦
-8◦ 100◦
-4.5◦ 96◦
-2◦ 93◦
-0.5◦ 90◦
2◦ 86◦
6.5◦ 83◦
7◦ 80◦
10.5◦ 76◦
11◦ 73◦
14◦ 70◦
16◦ 66◦
18◦ 63◦
19.5◦ 60◦
21◦ 56◦
21.5◦ 53◦
23◦ 50◦
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